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Because of the well-known toxic properties of arsenic, many 
analytical methods have been developed over the years to monitor arsenic 
at trace levels. In the environment, this element is found in several 
oxidation states as well as in a variety of organoarsenic compounds. 
This situation puts additional demands on the analysis in that it is 
desirable to measure the amount of eAch species, not just ali of the 
arsenic. The rEason for this is that tht different species havf> greatly 
different toxicities; of the major inorganic forms, As(III) is much more 
toxic th&n As(V). The goal of this research was to develop a convenient 
method for the analysis of mixtures of As(III) and As(V) at trace 
levels. 
Electroanalytical methods are inherently sensitive to oxidation 
states of elements and therefore are a natural choice for this problem. 
In fact, a method was developed some years ago for As(III) that used 
differential pulse polarography: the detection limit is 0.3 parts per 
billion (ppb). However, As(V) was not detected since in its usual form 
as an oxyanion it is electrochemically inactive. There are coordination 
compounds formed with catechol, AsL (n=1-3), that can be reduced at a 
n 
mercury electrode, but the active species, AsL, is only a small fraction 
of the major species, AsL, so the detection limit is only 500 ppb. 
3 
Many details of the electrochemistry of this unusual compound were 
examined in this work. 
In order to improve detection limits, a method involving cathodic 
stripping was developed. It involves codeposition of copper with 
arsenic on a mercury electrode to effectively concentrate the analyte. 
Then the elemental arsenic is converted to arsine, AsH, during a 
3 
cathodic potential scan. The resulting current peak is proportional to 
As(III) in the absence of catechol and to the sum of As(III) and As(V) 
in the presence of catechol. It was observed +-!.at the current peak was 
considerably larger than expected and additional experiments revealed 
that there was evolution of hydr'ogen during the formation of arsine. 
This is rather unusual in electrochemical reactions and so some of the 
details of this catalyzed coreaction were examined. The result is a 
fortunate enhancement of detection limit so that As(V) at 40 ppb can be 
measured. 
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INTRODUCTION 
Arsenic is an ubiquitous element in the environment. Typical 
environmental concentrations range from the low parts per billion, 
(ppb), to several parts per million, (ppm), in water, soil, and 
biological samples. It's toxicity is well known (1). Arsenic is 
important in a number of industrial applications. Arsenic compounds are 
used extensively in agriculture as herbicides (1). Until recently 
arsenic compounds were used as wood preservatives. It is also a feed 
additive used in the poultry industry. Through manufacturing and 
agricultural use, arsenic and its compounds are introduced into the 
environment. To protect human health the Environmental Protection 
Agency (2) has set the drinking water standard at 50 ug/l, or ppb, of 
arsenic and Occupational Safety and Health Agency (3) has established an 
3 
atmospheric standard of 10 mg/m for inorganic arsenic in the workplace. 
The International Agency for Research on Cancer, (IARC), (4) has 
stated that " there is sufficient evidence that inorganic arsenic 
compounds are skin and lung carcinogens in humans." In contrast there 
is inadequate evidence to prove that arsenic compounds are carcinogenic 
in experimental animals (4). Arsenic appears to be a uniquely human 
carcinogen although experimental animal models are lacking. This unique 
characteristic of arsenic has fostered significant controversy 
(4,5,6,7). Without an experimental animal model to study, fundamental 
research which could evaluate the effects of chronic exposcre and dosage 
of various arsenic compounds found in the environment cannot be 
conducted. The lack of this information prevents the regulatory 
agencies from being confident of their established 
quality standards. 
2 
water and air 
Arsenic is fonnd in the environment in a variety of chemical forms 
(8,9). The most common species are arsenate, As(V), arsenite, As(III), 
monomethylarsonic acid, (HHA), and dimethylarsenic acid, (DNA). The 
concentration of the various species depends on the environmental 
characteristics such as aerobic or anaerobic conditions, pll, moisture, 
and biological activity. Inorganic forms of arsenic, As(III) and As(V), 
are reduced and often methylated to form dimethylarsine by methanogenic 
bacteria (1,9). The intermediates in this process are monomethy1arsonic 
acid and dimethylarsenic acid. The result of the anaerobic reduction 
and methylation is production of volatile, toxic arsines. The volatile 
products evaporate from soil or water resulting in removal of the 
arsenic from the organisms' microenvironment. This represents a 
detoxification of the microenvironment of the anaerobes. The volatile 
arsines are readily oxidized and may deposit onto the soil or water 
system. In Figure 1, a diagram from Wood (9), the biological cycle for 
arsenic is shown. The various arsenic species found in the environment 
possess differing toxicities (1). The inorganic forms, As(III) and 
As(V), are milch more toxic than the organic species (NHA, m1A). 
Arsenite is the most tu~ic species of significant concentration in 
natural water systems. 
A number of studies have been conducted which survey water 
systems, soil samples and biological specimens for the concentration of 
the various arsenic species (8,10). It has been found that arsenate, 
As(V), is the predominant species in oxidizing, aerobic environments 
fH 3 
CH -As-CH3 
3 II ) 
t 
~(: J t 2 ATMOSPHERE 
tH 
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CH3 , 3 I 
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Figure 1. Biological cycle foT. arsenic. 
("oJ 
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while arsenite, As(III), is the predominant species in reducing, 
anaerobic conditions. Of the organic arsenic species, DMA is the 
predominant form, often present in concentrations of 50% or more of the 
total arsenic in biological samples such as human urine. In marine 
studies DNA is the predominant organic species, typically present in 
concentrations of 10% to 15% of the total arsenic. Monomethylarsonic 
acid is the minor component, usually present as less than 1% of the 
total arsenic in a sample (8,10). 
The concentration of arsenite and arsenate reflect the oxidation-
reduction potential of the water sample in which they are measured. The 
evaluation of the oxidation-reduction potential (pE or Eh) is a measure 
of the electron activity of a solution and is defined analogous to pH. 
The concept of pE is a valuable tool for interpretation of the chemistry 
of hydro-chemical systems. The measurement of the oxidation-reduction 
potential is performed with potential sensing electrodes, redox 
indicator species, or redox couples. The As(III)-As(V) couple is useful 
to evaluate the redox potential in a redox window (range of pE-pll 
values) with important application to groundwater studies (11). In 
particular the As( IlI)-As(V) couple is especially useful because the 
kinetics of interconversion between As(III) and As(V) are sufficiently 
slow to permit collection, transportation and analysis before 
significant change in species distribution can occur. The As(III) (-) 
As(V) interconversion can equilibrate on a geologic time scale so that 
the arsenic redox couple does reflect the redox potential of a ground 
water sample. Unfortunately convenient techniques for the direct 
measurement of both As(III) and As(V) have not been developed. Arsenic 
5 
is also the inorganic substituent which most often exceeds the maximum 
permissible drinking water limits in ground water samples. Because the 
typical arsenic concentration is sufficiently high to permit measurement 
in most samples and the useful position of its redox window, arsenic is 
well suited for use as a redox indicator in groundwater sample (11). 
Sensitive and selective analytical techniques are needed to 
measure the concentration of the various arsenic species in 
environmental samples. Environmental monitoring and the measurement of 
pesticide residues, toxilogical studies, the study of the mechanism of 
biological conversion and metabolism, and the application of the arsenic 
redox couple to determine the redox potential of a water sample all 
require povrerful analytical techniques which provide speciation 
information. Many methods have been developed for analysis of arsenic 
concentration (R 44). Many techniques measure the total arsenic 
concentration which satisfies the national drinking water standard which 
is set at 50 ug/L or ppb total arsenic (12 - 14). Other techniques 
separate and quantify the various inorganic and organic arsenic species 
found in water, sediment, and biological samples. The measurement of 
the variolls arsenic species provides more information with which 
evaluation of the arsenic toxicity or hazard of any given sample can be 
made. 
Analytical methods have been developed for determination of 
arsenic concentration in water samples and similar matrices. The 
molybdenum blue method and the silver diethyldithiocarbamate method are 
spectrophotometric techniques which measure the absorbance of arsenic 
complexes (12,13,14). These techniques have limited sensitivity, often 
6 
require experienced analysts, and are plagued by a number of 
interferences. 
Atomic absorption spectroscopy, (AA), has been successfully 
applied to arsenic analysis. The typical flame atomization source for 
AA analysis is relatively insensitive to arsenic concentration (15). 
Arsine generators and flameless atomization techniques such as graphite 
furnace atomizers extend the detection limit of arsenic to the sub parts 
per billion range (13). The flameless AA techniques are sensitive but 
their results indicate the total arsenic concentration and do not 
distinguish between various arsenic species. Other methods have been 
developed which couple separation steps with flame less AA analysis. 
Several methods have been developed which use extraction techniques to 
separate the arsenic species follcweo by quantification using flameless 
AA (16,17). 
Recent techniques have coupled the separation powers of liquid 
chromatography and the quantification of AA spectroscopy to speciate 
inorganic and organic arsenic. The method of Brinkman et ale (18) 
utilizes a variety of columns to separate the four predomonant arsenic 
species resulting in identification and quantification of the arsenic 
species in solutions containing 10 20 ppb arsenic (18). This 
technique requires extensive instrumentation and results in lenRthy 
analysis time. Iverson et a1. (19) have developed another column 
chromatography-flame less AA spectroscopic technique for speciation of 
inorganic arsenic, m1A and DHA. Reported detection limits are 2 ppb of 
arsenic. This technique is not automated and requires collection of 
column eluant followed by flameless AA analysis of the fractions. This 
7 
technique does not distinguish between the ,two inorganic arsenic 
species. An automated technique which couples high pressure liquid 
chromatography to f1ameless AA was developed by Woolson and Aharonson 
(20). All four predominant arsenic species are separated and quantified 
by this method with sensitivities of 0.25 ppm arsenic for each species. 
This technique is more convenient but lacks the required sensitivity for 
environmental sample analysis. 
A number of methods combine ion chromatography and AA spectroscopy 
for separation and quantification of the various arsenic species. 
Elaborate elution sequences or individual separations are required for 
some species (21,22). Atomic absorption spectroscopy has also been 
combined with hydride generation for analysis of water samples and 
biological samples (23). 
Inductively coupled plasma, (ICP), atomic emission spectroscopy is 
a common method for arsenic detection. A number of analytical schemes 
can determine total arsenic content simultaneously with other elements 
in water, biological samples, and sediment (24,25). Liquid 
chromatography has also been combined with rcp to speciate and quantify 
the arsenic compounds in biological samples (26). These techniques 
often fail to combine speciation with enough sensitivity and require 
~xtensive instrument~tion. 
Hydride generation is a very popular technique for removal of 
arsenic compounds from sample matrices, or as a technique to chemically 
modify the arsenic compound for quantification. ~1any of the early 
arsenic speciation studies employed hydride generation followed by 
fractional evaporation and quantification of the various arsines 
8 
produced. Braman and Foreback (8) were the first researchers to report 
the concentration of the various arsenic species in studies of water 
samples and biological samples. The technique of Foreback and Braman 
(8) depends on pH selective reduction of the various arsenic forms with 
sodium borohydride followed by separation of the volatile arsines 
produced by selective volatilization from a cold trap. The arsines are 
detected by atomic emission from an electrical discharge. 
Various chromatographic methods have been used to separate the 
arsenic species followed by detection using atomic absorption 
spectroscopy (as discussed above), ICP emmission spectroscopy, and mass 
spectroscopy. Odanaka et ale (27) have developed a method for GC-MS 
determination· of inorganic arsenic and methyl arsine following hydride 
generation. Reported detection limits were 0.2 - 0.4 ppb. 
Electrochemical methods are well known for their sensitivity and 
selectivity. As(III) is electroactive and several s~ccessful analyses 
have been developed using differential pulse polarography (28). As(V) 
is electroinactive in the absence of certain complexing agents and ·its 
presence is not detected in typical polarographic experiments. Many 
organic arsenicals are electroactive, including DMA and MMA, the 
polarography of these compounds has been reported (29,30). The 
electrochemical detection limits for the organic arsenic compounds are 
poor. Electrochemical methods are best suited for analysis of As(III) 
providing a selective and sensitive technique (31,32,33). 
Differential pulse polarographic, DPP, analysis of As(III) 
concentration has been successfully developed by Myer and Osteryoung 
(28). The reported detection limit is 0.3 ppb. This method has been 
applied to the analysis of water, sewage and sludge (33). 
of DPP has been used to speciate inorganic arsenic (34). 
9' 
The technique 
The As(III) 
concentration was measured directly by DPP, then the water sample was 
treated with sodium bisulfite to reduce the As(V) to As(III) and a DPP 
analysis was performed again to measure total inorganic arsenic. The 
As(V) concentration is calculated by difference, subtracting the As(III) 
measurement from the total inorganic arsenic measurement. Henry and 
Thorpe (35) further exploited the power of differential pulse 
polarography to speciate a water sample for organic and inorganic 
arsenic. Ion exchange chromatography was used to separate the species 
followed by digestion of the organic arsenic species and conversion to 
As(III) for quantification by DPP. Inorganic arsenic speciation can be 
, determined by the method of Henry, Thorpe, and Kirch (34) as described 
above. This speciation technique results in detection limits of 18 ppb 
and 8 ppb for ~~IA and DMA respectively. This method is fairly complex 
and time consuming. 
In differential pulse polarography the analytical signal is the 
current produced by reduction of As(III) to the elemental state. The 
oxidation of As(III) to As(V) has also been used to produce a useful 
analytical signal. Cox and Kulesza (36) have published a technique to 
determine the arsenite concentration through electrooxidation at a 
glassy carbon electrode modified with a thin film of mixed-valence 
ruthenium (111,11) cyanide. 
ppm. 
The linear analytical range is 0.4 - 150 
Aside from the speciation techniques developed by Henry et ale 
(34,35), electrochemical analyses have focused on analysis of the 
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As(III) ion. Several voltammetric stripping techniques have been 
developed for As(III) analysis, to take advantage of the sensitivity and 
selectivity of stripping methods. Anodic, potentiometric, and cathodic 
stripping techniques have been reported in the literature, (37 - 44). 
Anodic stripping techniques, (ASV), have been developed which are 
selective for As(III). The As(III) is reduced to the elemental state at 
the working electrode which is composed of either gold or platinum (37). 
The deposit is then oxidized to form a soluble arsenic species. The 
analytical signal is produced by the oxidation of the deposited arsenic 
as the deposit is stripped from the electrode. Forsberg, et ale (37) 
reported the use of both platinum and gold working electrodes in anodic 
stripping analysis of As (III) (34)~ Gold electrodes were found to have 
a higher hydrogen overvoltage then platinum electrodes providing a 
decided advantage. The influence of pH, deposition potential, 
supporting electrolyte, and the nature of the working electrode on the 
sensitivity and precision of As(III) analysis were studied (37). The 
detection limit for As(III) determinations by differential pulse anodic 
stripping (DPASV) and anodic stripping voltammetry (ASV) was 0.02 ppb 
for both methods. Total inorganic arsenic can be determined by 
reduction of the As(V) species to As(III) followed by anodic stripping 
voltammetry. A similar technique was reported by Wang, et al. (39). 
Thin gold-film electrodes have also been used as working 
electrodes for As(IIl) anodic stripping analysis. Davis, et al~ (40) 
have developed a method which includes sample digestion, reduction and 
distillation of the arsenic from the sample as AsCI vapors and anodic 
3 
stripping analysis of the resulting solution. The anodic stripping 
11 
analysis is a hiRh speed technique characterized by good precision and 
accuracy. This technique and a variation reported by Lee and Heranger 
(41) determine the total arsenic content in samples. 
The concentration of As(III) has also been determined by cathodic 
stripping techniques. In these methods the As(III) is reduced to the 
elemental state and codeposited with another element onto a mercury 
working electrode. The stripping step applies a cathodic scan which 
further reduces the arsenic deposit to AsH. 
3 
The cathodic stripping 
signal occurs when the arsenic deposit is reduced to arsine. This 
technique eliminates a number of interferences encountered in ASV 
because many of the trace metal ions present in a sample cannot be 
cathodically stripped. 
Holak (42) developed a procedure to determine the As(III) 
concentration using cathodic stripping voltammetry. From analytical 
solutions containing 0.36 N sulfuric acid and 50 ug/l selenium(IV) the 
arsenite ion can be deposited onto a hangin~ mercury drop electrode 
(llHDE) and cathodically stripped. As(III) concentrations of 2 ppb can 
be detected after 1.5 minute deposition periods. 
Another cathodic stripping technique was developed by Henze, Joshi 
and Neeb (43). A HHUE was aRain used as the working electrode. The 
analytical solution contained 1.0 N HCl, 0.002 ti, 127 ppm CuGl, and 
2 
As(III) • A potential of -0.55 V is applied for the deposition period, 
followed by differential pulse cathodic stripping to produce a peak at -
0.77 V versus Ag/AgCl reference electrode. The dependence of peak height 
on the arsenic concentration is linear in the rather narrow range of 0.2 
ppb to 20 ppb As(III). 
12 
Sadana (44) developed a cathodic stripping technique similar to 
the method developed by Henze et al. (43). The arsenic(III) 
concentration was determined by cathodic stripping at a hanging mercury 
drop electrode. The sample was acidified to 0.75 M HCl and contained a 
Cu(II) concentration of 5 ppm. The deposition potential of -0.6 V was 
applied for 120 seconds followed by a 30 second equilibration. The 
analysis was accomplished by a differential pulse cathodic scan at the 
rate of 8 mV/s to produce a stripping peak at -0.72 V vs. Ag/AgCl 
reference electrode which was proportional to the arsenic concentration. 
The reported detection limit is 1 ppb As(III). 
The many analytical methods developed for arsenic determination 
speciation supply quantitative results for a variety of 
applications. Many techniques simply measure the total arsenic present, 
providing data to satisfy the drinking water standards. Other 
techniques separate the various species and determine their respective 
concentrations to provide data useful in environmental monitoring, 
modelling, toxicity studies, and biological metabolism studies. Most of 
these techniques do not measure arsenate, As(V), directly, but determine 
its concentration by the method of difference. The As(III) 
concentration is measured, and the As(V) is converted to As(III) and a 
new concentration is measured which corresponds to the total inorganic 
arsenic. The arsenate concentration is then calculated to be the 
difference between the total inorganic arsenic and the arsenite 
concentration. Indirect methods are often subject to contamination and 
analyte loss. A method of directly determining the As(V) concentration 
would be useful in speciation studies and for application of the arsenic 
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redox couple to determination of ground water oxidation-reduction 
potential. 
Electrochemical techniques are very selective and sensitive for 
As(III). The detection limits for electrochemical analysis of the 
organic arsenic species are too insensitive for application to 
environmental sample analysis. Arsenate is typically electrochemically 
inert. In the presence of a number of polyols such as pyrogallol 
(1,2,3-trihydroxybenzene) and catechol (1,2-dihydroxybenzene), arsenate 
forms an electroactive complex, (EAC), which can be analyzed by 
polarography (45). The polarography of the As(V)-catechol complex was 
demonstrated by Roe and Haak (46,47). A number of researchers have 
studied the 'complexes of As(V) and catechol (48,49,50). They have 
observed that As(V) forms a series of complexes with catechol that 
correspond to the molar ratios of 1:1, 1:2, and 1:3, arsenic to catechol 
respectively. Various kinetic and equilibrium features of these 
complexes have been studied. The stability constants reported for these 
complexes in the literature are not in agreement (47). 
An electrochemical method for determination of the As(V) 
concentration in enviromental samples is reported in this study. In the 
presence of excess catechol the typically electroinactive As(V) is 
converted to an electroactive form which can be observed by 
electrochemical techniques. The As(V)-catechol system is unusually 
complex and its successful use in electrochemical analysis requires the 
study of its chemical features. The technique of linear potential scan 
voltammetry was used to analyze this complex system and provide details 
about the formation, reaction and reduction of the EAC. The individual 
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details of the As(V)-catechol system were used to deduce the identity of 
the EAC. Knowledge of the EAC's identity and of the chemical details 
of its formation and reaction was used to choose the proper experimental 
conditions for successful electrochemical analysis. The methods of DPP 
~nn cathodic stLipping voltammetry were then used for determination of 
As(V) concentrations. The method of cathodic stripping voltammetry was 
found to be the most sensitive method for As(V) determination. 
MATERIALS AND APPARATUS 
CHEMICALS 
Acids 
Dilute hydrochloric and perch10ric acids were prepared from high 
purity U1trex brand concentrated acids from J. T. Baker Chemical 
Company. Dilute hydrochloric acid solutions were also prepared by 
isothermal distillation of reagent grade hydrochloric acid from J. T. 
Baker Chemical Company. 
As( III) 
Arsenite, As(III) solutions were prepared by dissolving 
Ma11inckrodt Primary Standard arsenic trioxide, As 0 , in a minimum of 3 
2 3 
N NaOH, followed by neutralization with HC1 and dilution to volume with 
triply distilled water or 1.0 N acid. 
Arsenate, As(V) solutions were prepared from Baker Analyzed 
reagent grade arsenic pentoxide in a similar manner to the preparation 
of As(lll) solutions. 
Water 
The water used in this experiment was prepared from the building 
supply of deionized or reverse osmosis water by distillation in a quartz 
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still. The water was stored in 1 liter poly~,thylene bottles. 
Catechol 
Catechol of 99% purity was obtained from Aldrich Chemical 
Company, Inc. The catechol was vacuum distilled prior to use. 
Nitrogen 
Nitrogen was obtained in gas cylinders from Airco. 
Copper (II) chloride 
Copper (II) chloride, CuCl, was analytical reagent grade and 
2 
obtained from Mallinckrodt. It was used without further purification. 
Copper (I) Chloride 
Copper (I) chloride, CuCl, was obtained from J. T. Baker Chemical 
Company and used without further purification. Solid CuCl was 
dissolved in a minimum of concentrated HCl and diluted to volume with 
water. 
Mercury 
The mercury metal used for electrodes was triply distilled. 
Mercury (II) Chloride 
Mercury (II) chloride, HgCl, was obtained from Mallinckrodt and 
2 
was used without further purification. 
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Sodium Chloride 
Reagent grade sodium chloride, NaCl, was obtained from Matheson 
Coleman and Bell. It was used without further purification. 
Selenium 
Selenium metal shot was obtained from Matheson, Coleman and Bell. 
Solutions of Se(IV) were prepared by heating selenium shot with nitric 
acid to fumes, and dissolving the residue and diluting to volume. 
Palladium 
Solutions of palladium (II) were prepared by dissolving palladium 
wire in boiling acid and diluting the residue to volume. 
Nickel (II) Sulfate 
Nickel (II) sulfate was obtained from J. T. Baker Chemical 
Company and used without further purification. 
Iron (Ill) Sulfate 
Iron (III) sulfate was obtained from J. T. Baker Chemical Company 
and used without further purification. 
Sodium Hydroxide 
Sodium hydroxide, NaOH, was used to prepare dilute solutions. 
Reagent grade NaOH was obtained from J. T. Baker Chemical Company. 
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APPARATUS 
Polarographic Equipment 
Polarographic experiments were conducted with a Princeton Applied 
Research Polarographic Analyzer, PAR model 174A. A Princeton Applied 
Research Static Mercury Drop Electrode, PAR model 303, was used as the 
electrode assembly. 
Cathodic Stripping Voltammetry 
The PAR model 303 static mercury drop electrode was operated as a 
hanging drop electrode for cathodic stripping experiments. The PAR 
model 303 electrode was powered by the PAR polarographic analyzer, model 
174A. The model 303 electrode was modified so that the electrochemical 
experiments conducted at the electrode could be controlled by a separate 
potentiometer while the PAR model 174A polarographic analyzer continued 
to power the electronic circuitry of the static mercury drop electrode. 
This arrangement permitted a Heka potentiometer to control operation of 
the potential wave form applied to the electrode and collect the current 
and charge data produced in the electrochemical experiment. Charge 
collection, current integration experiments were conducted with the Heka 
potentiometer. 
Anodic Stripping 
A dual potentiometer and rotating electrode assembly made in this 
laboratory were used in anodic stripping experiments performed with a 
rotating gold electrode. 
EXPERIMENTAL METHODS 
The electrochemical methods used in this study are well 
characterized both in theory and practice (51) and many analytical 
applications have been developed over the past 50 years. Special 
circumstances arose in the attempts to use these methods with trace 
levels of As(III) and As(V) and in this chapter many details of the 
experimental procedure are described in three sections; Electroactive 
Complex Studies, Differential Pulse Polarographic Studies of As(III) and 
As(V) in the Presence of Catechol, and Stripping Voltammetry. 
ELECTROACTIVE COMPLEX STUDIES 
Arsenate, As(V), forms a series of three complexes with catechol, 
in the proportions of 1:1, 1:2, and 1:3 arsenic to catechol ratios. At 
least one of these complexes is electroactive and can be reduced at a 
mercury electrode to produce a useful analytical signal. One of the 
goals of this research is to identify the electroactive complex (EAC). 
Haak (47) reported that the electroactive complex is the 1:1 species and 
he studied the influence of catechol and pH on the formation of the EAC. 
Under reaction conditions of low pH and high catechol concentration the 
electroactive complex was observed to produce a large polarographic 
signal at the time of mixing and then as the reaction mixture approaches 
equilibrium the polarographic signal decayed to a constant value. This 
indicates that the EAC is not the predominant species at equilibrium. 
Additional experiments conducted in this study examined the kinetic and 
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equilibrium behavoir of the electroactive complex. 
Kinetic Studies of the Electroactive Complex 
A series of kinetic experiments were conducted to determine the 
kinetic behavior of the electroactive complex and to clarify its 
identity. The methods of linear scan voltammetry (LSV) and differential 
pulse polarography (DPP) were used to monitor the reacting species, the 
EAC. The kinetic studies were performed in the following manner. The 
supporting electrolyte was prepared at the desired pH, catechol 
concentration, and ionic strength. The arsenate ion was added as an 
aliquot of standard stock solution to produce an analytical 
concentration of, typically, 0.2 mM or 15 ppm As(V). Timing of the 
kinetic experiments commenced with the addition of the arsenate·aliquot. 
The reaction mixture was deaerated and stirred for 30 seconds by 
nitrogen gas bubbling after the As(V) was added. After mixing and 
dearation the reaction mixture was periodically analyzed by a potential 
scan. The recording of the scan is presented as a graph of current vs. 
applied voltage, these graphs will be referred to as current-voltage, 
(CV), curves. The voltage range scanned initiated at 0.0 V ( versus the 
Ag/AgCl reference electrode) and completed at a potential more negative 
than the desired reduction peak. The final potential of the scan varied 
from -0.5 V to -1.1 volts. In this voltage range the reduction of the 
As(V)-catechol electroactive complex starts at approximately -0.20 v. 
The height of the reduction wave or peak is directly proportional to the 
concentration of the electroactive complex at the moment of measurement. 
The reduction current was measured and used in kinetic calculations to 
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evaluate reaction order and rate constants. The reaction rates varied 
with conditions but were slow enough for manual measurements and the 
solutions typically reach equilibrium after 0.25 to 2.0 hours. 
The current voltage curves recorded for the complete reduction of 
the As(V)- catechol electroactive complex have three reduction waves or 
peaks. The following equations very simply illustrate the overall 
reduction equations, they are not intended to imply which chemical 
species actually undergoes charge transfer. 
As(V) + 2e ~ As(III) (1) 
-
As(III) + 3e~ As(O) (2) 
~ 
As(O) 3e ~ (3) + + 3H  AsH 
• 3 
The current peaks which correspond to steps 1 or 2 are both 
suitable for data analysis. The peak for step 3 often appears as a 
shoulder on the hydrogen evolution wave and is often obscurred by a 
characteristic polarographic maximum and is unsuitable for data 
analysis. A typical differential pulse polarogram and a cyclic 
voltammogram are shown in Figures 2 and 3. 
In kinetic studies at low pH's, the reduction current for the EAC 
was at a maximum at the time of reaction initiation. The current then 
decays to a minimum when equilibrium is reached. During the course of 
an experiment the concentration of the EAC was monitored by periodic 
voltage scans at preset time intervals. Figure 4 shows a set of 
periodic linear scan voltammograms of the first reduction step of the 
1 0.5 uA 2 3 
1 
v vs. Ag/AgC1 
:js 
-0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -1.0 
Fig~re 2. Differential pulse polarogram of As (V) in 0.5 M catechol, pH = 1.0, 
1. 25 mM As (v) . Dropping Mercury Electrode. Scan rate = 10 mV Is. 100 mV pulse. 
0.1 N {{C1a 4 electrolyte. 
-1.1 
N 
N 
0.0 
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I 0.2 uA 
-0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 
.Figure 3. Linear potential scan of As(V) in (V vs. Ag/AgCl 
0.5 M ca-Lcchol, pH=l. 
0.1 N HCl04 electrolyte. Hanging mercury drop 
electrode. Scan rate = 50 mV/s. 
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0.2 ul\ 
minutes 
:35 
1:00 
1:30 
2:00 
3:00 
hackground 
0.1 0.0 -0.1 -0.2 -0.3 -0.4 V vs. Ag/AqC1 
Figure 4. Repetitive potential scans of the 
decay of the electroactive complex. scan rate = 50 mV/s. 
Hanging mercury drop electrode. 75 ppm As(V), 0.5 M 
catechol, 1.0 N NaCl04 , 0.1 N HC104 (pH = 1). 
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EAC when reduc:ed at a hanging mercury drop electrode (HMDE). The 
decrease of the wave height as the reaction progresses illustrates the 
decay of the electroactive complex. The CV curves were measured and the 
data representing the variation of current as a function of time was 
tested by the appropriate kinetic model. 
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Linear scan voltammetry, (LSV), is a very powerful technique for 
the study of electrode mechanisms. Diagnostic criteria were developed 
by Nicholson and Shain (52) to determine the type of heterogeneous 
electrode mechanisms occuring during electrode reaction. Information 
about the chemical and physical characteristics of an electrode reaction 
can be determined from current voltage curves. The change in current 
value, peak shape, and other parameters with the variation of 
experimental conditions; such as scan rate, provide criteria useful in 
determining electrode mechanisms. 
Cyclic scan voltammetry was used to determine whether the 
reduction of the As(V)-catechol electroactive complex was a reversible 
electron transfer. In Figure 5 a cyclic voltammogram of the As(V)-
catechol electroactive complex is presented. It can be seen from this 
illustration that there is no evidence of an anodic peak recorded during 
the return portion of the cyclic scan. The reduction of the As(V)-
catechol electroactive complex is a comp1etly irreversible reaction, as 
the cyclic scan voltammetry results demonstrate. The reduction of 
As(III) is also completely irreversible under these conditions. Linear 
scan voltammetry or cyclic scan voltammetry may be used to evaluate the 
characteristics of the electrode reaction. 
The shape of the reduction peak in linear scan voltammetry is a 
very important diagnostic criteria (52). In a simple electron transfer 
the current rises when the reduction potential is approached, reaches a 
peak value as the scan continues and decays as the concentration of the 
reacting species becomes depleted in the area around the electrode. 
When the reduction mechanism involves additional steps besides electron 
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I 0.1 uA 
+0.1 o -0.1 
-0.3 
-0.5 
-0.7 
-0.9 
Vvs. Ag/AqC1 
Figure 5. Cyclic potential voltammogram of 
the electroactive complex. pH=0.95, 
1.25 mM As(V), and 1.0 M catechol. 0.1 N HCl 
electrolyte. Scan rate = 100 mV/s. Hanging 
mercury drop electrode. 
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transfer the shape of the reduction peak changes. The reduction peak 
can take on a wave or s-shaped appearance with a current plateau 
follO\·ring the current maximum rather than the current decay observed for 
a simple reduction. The shape of the reduction peak for the EAC 
reduction is influenced by a number of factors; catechol concentration, 
pH, and the progress of reaction. Information about the electrode 
reaction mechanism can be gained by performing linear potential scans of 
the As(V)-catechol system as the electroanalytical parameter of scan 
rate varied for each recording. 
The experiments conducted to study the reaction mechanism of the 
As(V)-catechol electroactive complex were performed in the manner 
described below. A reaction solution was prepared which contained 
supporting electrolyte, 1.0 M Hel, and sufficient catechol to produce 
so~utions with catechol concentrations of 0.1 M to 1.3 M. These 
solutions were well mixed and deaerated by nitrogen gas. A series of 
linear scan voltammograms were recorded for each reaction solution. The 
scans commenced at -0.1 V and continued to -0.4 V in a cathodic scan. 
The scan then reversed direction and returned to the initial potential. 
Four different scan rates were used to record the cyclic voltammograms, 
10, 50, 100, and 200 mV/s. Arsenate was then added to the reaction 
mixture as an aliquot of As(V) stock solution to yield a concentration 
of 1.25 mM, 94 ppm. The kinetic reaction was timed as described 
previously and the solution was deaerated and mixed for 30 seconds. 
Following mixing a quartet of cyclic scan voltammograms were recorded 
beginning with the scan rate of 200 mV/s and finally recording the 10 
mV/s scan. This quartet of voltammograms was repeatedly recorded until 
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the reaction mixture had reached equilibrium. In Figur.e 6 a series of 
these quartet scans are shown. From one reaction mixture the kinetic 
data can be plotted for four different scan rates. The change in 
reduction peak shape can be observed at different scan rates. 
scan rate time 
minutes 
200 mV/s 3 :00 
100 mV/s 4 :00 
50 mV/s 4:20 
10 mV/s 5 :00 
I 
6:40 
7:00 
O. 1 ul\ 
7:30 
9:30 
11:10 
'-l.:10 
12 :00 
12:35 
o -0.1 -0.2 -0.3 -0.4 V vs. A9/AgC1 
Figure 6. Linear potential scans of the decay 
of the e1ectroactive complex at scan rates of: 
200 mV/s, 100mV/s, 50 mV/s, and 10 mV/s. 
pH=l.O, 1.25 mM As (V) , and 0.5 M catechol. 
0.1 N NaC104 and 0.1 N HC104 electrolyte. 
Hanging mercury drop electrode. 
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DIFFERENTIAL PULSE POLAROGRAPHIC STUDIES OF As(III) and As(V) I~ THE 
PRESENCE OF CATECHOL 
The technique of differential pulse polarography (DPP) is well 
known as a very sensitive method for trace analysis with reported 
detection limits in the 1 - 100 nM range. Myer and Osteryoung (33) have 
developed a procedure for quantifying the concentration of As(III) ion 
in water, sewage, and sludge samples. The technique of differential 
pulse polarography was used for analysis and the calculated detection 
limits of 1 nM, 0.3 ppb, were reported by Myer and Osteryoung (28) for 
As(III) analysis. The great sensitivity of this method suggested that 
the concentration of As(V) could be determined by DPP after it was 
complexed with catechol and formed the electroactive complex. 
Differential pulse polarography experiments were conducted to assess the 
feasibility of analyzing for As(V). The method developed by Myer and 
Osteryoung (28) was used to analyze solutions of As(III), As(III)-
catechol, and As(V)-catechol. 
Experiments were conducted to answer the following questions. 1. 
What is the effect of catechol on the polarography of As(III)? 2. Can 
polarographic methods be used to analyze for As(V) in aqueous solutions? 
The method of Myer and Osteryoung (28) involves treating the water 
sample with hydrochloric acid to produce a 1.0 M solution. The 
differential pulse polarogram is recorded by scanning the potential 
range of -0.240 V to -1.0 V at a rate of 5 mV/s. The pulse height was 
100 mV and applied once every second. The drop time was also one 
second. A DPP recording of the reduction of As(III) in 0.5 M catechol 
solution to the elemental state, As(O), and then to arsine, AsH, 
3 
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contains two peaks, as can be seen in Figure 7. The peak for the first 
reduction step, As(III) --) As(O), is observed at approximately -0.65 V 
versuF. the Ag/AgCI reference electrode. A calibration curve for As(III) 
in catechol was prepared by plotting the values of peak current versus 
arsenite concentration. A linear range of 0.3 ppb to 60 ppm was 
reported by Myer and Osteryoung (28). 
Similar experiments were conducted on As(III) solutions which 
contained catechol. The purpose of these experiments was to observe the 
effect of catechol on the reduction of As(III), to prepare a calibration 
curve, and determine detection limits for As(III) in a catechol 
solution. 
The water samples were prepared by using 10.0 ml of 1.0 M HelO in 
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distilled water and an addition of 0.55 g of sublimed catechol. This 
solution shall be refered to as the background solution. Differential 
pulse polarographic curves were recorded for the background solution. 
An aliquot of As(III) was then added to the background solution to 
produce the desired concentration of As(III) in the test sample. A 
differential pulse polarogram was then recorded for the As(III)-catechol 
solution. The As(III) concentration was increa8ed by another standard 
addition of stock solution and a curve was again recorded. This 
procedure was repeated until a range of As(III) concentrations had been 
evaluated. In Figure 8 we see a series of such differential pulse 
polarograms of As(III) solutions. A calibration curve was then prepared 
by plotting the peak current ws. As(III) concentration for solutions of 
0.5 M catechol. 
To prepare a calibration curve for analysis of As(V) solutions a 
I 
v vs. Ag/AgCl 
___ '---____ _~_ ._1- _____ ~ 
-0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -1.0 -1.1 
Figure 7. Differential pulse polarogram of As (III) .• hl 1.1"\ 1-1 HC1Cl4, 0.5 M catechol anc. 
3 ppm As (III) • 
Dropping mercury electrode, drop time = 1 s, 100 mV pulse, scan rate = 10 mV/s w 
w 
c 
-0.3 -0.4 -0.5 -0.6 -0.7 -0.8 
V vs. Ag/AgCl 
Figure 8. Differential pulse polarograms of a 
series of As(III) solutions with 0.5 M catechol 
a. 284 ppb As(III) 
b. 342 ppb As(III) 
c. 542 ppb As(III) 
0.1 N HCl"and 0.9 N NaCl electrolyte 
scan rate = 10 mV/s, pulse height = 50 mV 
dropping mercury electrode = working electrode. 
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single kinetic experiment must be conducted for each As(V) concentration 
to be included in the concentration range. The reaction solution was 
prepared to contain 0.1 N HCI and 0.5 M catechol. A DPP scan was 
performed on this solution and the resultant CV curves will be referred 
to as the background curves. The applied potential was then switched to 
-0.4 V, a potential which lies between the first two reduction peaks of 
the electroactive complex and the current was recorded as a function of 
time. Then As(V) was added to the background solution as an aliquot of 
arsenate stock solution to produce the desired final As(V) 
concentration. The current produced by the EAC is then recorded on the 
strip chart recorder at the same potential. The current produced from 
reduction of' the electroactive complex is directly proportional to the 
concentration of the arsenate ion. In Figure 9 a copy of such a strip 
chart recording is presented. The working electrode was a dropping 
mercury electrode. The drop time was 1 second. The current 
oscillations due to each falling mercury drop are not observed because 
the operating mode chosen, (sampled DC) only samples the current after 
the drop is formed. This current is measured just once for each drop's 
lifetime and is then presented to the strip chart recorder as a constant 
value each second. The strip chart recording displays the exponential 
decay of the electroactive complex. The current at any point in time 
was measured on the decay trace from an extension of the background 
current baseline. A concentration range of 1 ppm to 18 ppm was 
examined. The data present on the strip chart recordings was used to 
prepare a calibration curve for As(V) and to determine the detection 
limit. 
0.1 uA 
Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
minutes 
Figure 9. Reduction current for the decay of the EAC at applied potential of -0.4 V vs. Ag/AgCl 
1.0 H HCl, 0.5 M catechol, and 45 ppm As(V). 
Dropping mercury electrode, polarographic analysis in sampled DC mode. 
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STRIPPING VOLTAMNETRY 
The anodic stripping method developed by Davis et al. (40) for 
analysis of As(III) is performed at gold or platinum electrodes in 
acidic solutions. The As(III) is reduced to the elemental state in the 
deposition step and collected at the working electrode. In the 
stripping step the deposited arsenic is oxidized producing a current 
peak used as the analytical signal. Preliminary experiments were 
conducted to evaluate the possibility of applying anodic stripping 
voltammetry to the analysis of As(V) -catechol solutions. 
The anodic stripping experiments were conducted at a gold rotating 
disc electrode operated at a rotation rate of 1000 rpm. The analytical 
solution conditions were 1.0 N HCl04 and 3.8 ppm As(III) as described by 
Davis et al. (40). A deposition potential of -0.4 V was applied for 2 
minutes followed by an anodic scan to oxidize the arsenic deposit and 
produce the analytical signal. Solid catechol was then added to the 
analytical solution to produce a 0.5 M catechol concentration. The 
anodic stripping experiment was again performed, and no stripping peak 
was observed. Further experiments were not conducted. 
The cathodic stripping method developed by Molak (42) was examined 
next for possible application to arsenic speciation. This technique 
requires the addition of Se(IV) to the analytical solution. 
The method of Holak (42) was performed on As(IIl) solutions 
containing 1.0 N HClO and 50 ppb of Se(IV) at a mIDE. After successful 
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use of Holak's method, solid catechol was added to the analytical 
solution to produce a 0.5 M catechol concentration. A cathodic 
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stripping peak was not observed for As(III)-catechol solutions. 
Additional experiments were conducted on selenium (IV) solutions with 
and without catechol. Linear scan voltammetry demonstrated that the 
Se(IV) reduction peak is shifted in the cathodic direction by the 
addition of catechol. The shift of the selenium reduction peak by 
catechol apparently prevented successful deposition of As(III) at the 
mercury electrode and the cathodic stripping of As(III) failed to occur. 
Consequently this method was abandoned. 
(43), 
Two very similar methods were developed by Henze, 
and Sadana (44) for the cathodic stripping of 
Joshi, and Neeb 
As(III). These 
techniques involve deposition of As(III) into a HMDE from an acidified 
aqueous solution containing Cu(II). The arsenic deposit is stripped by 
a cathodic scan to produce a large current peak suitable 
Cu(II) ion is apparently reduced at the HMDE 
for 
and quantification. The 
forms an intermetal1ic arsenic-copper compound in the working electrode. 
Preliminary experiments were performed to test the possibility of 
applying the methods of Henze et a1. (43) and of Sadana (44) to the 
determination of As(III) and As(V) concentrations in solutions 
containing catechol. 
The methods of Henze, et ale (43) and Sadana (44) differ in a few 
features, most importantly, the copper (II) concentration. Henze, et 
a1. (43) recommend a Cu(II) concentration of 2 mM or 127 ppm. Sad ana 
(44) recommends 79 uM CU{'II), 5 ppm, for stripping analysis. In Table I 
the recommended solution conditions and instrumental parameters are 
summarized for each method. Deposition potential, deposition time, 
analytical ranges, and acid concentration are all very similar for both 
methods. 
TABLE I 
EXPERIMENTAL CONDITIONS FOR CATHODIC STRIPPING VOLTAMMETRY WITH 
COPPER CODEPOSITION 
[Cu(II) ] 
acid 
dep.pot. 
dep. time 
peak.pot. 
scan mode 
pulse 
height 
electrode 
anal.rg. 
det.lim. 
Experiments 
HENZE et al. (43) 
2 mM 
127 ppm 
1.0 N HCl 
-0.55 V 
1 min. 
-0.77 V 
DPV 
0.050 V 
HMDE 
0.2 to 20 ppb 
not reported 
SADANA (44) 
79 uM 
5 ppm 
0.75 N HCl 
-0.6 V 
2 min 
-0.72 V 
DPV 
0.075 V 
HMDE 
o to 20 ppb 
1 ppb 
were conducted following both procedures. 
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The 
technique of Henze, et al. (43) was tested with a solution of 1.0 N HCl, 
25.3 uM, 19 ppm As(III), and 2 mH, 127 ppm Cu(II). A large "stripping" 
peak was observed in the region of -0.79 V versus the Ag/AgCl reference 
electrode. After sufficient solid catechol had been added to the test 
solution to produce ~ 0.5 M solution the stripping peak was 
significantly reduced. 
The technique of Sadana (44) was evaluated in a similar manner. 
The supporting electrolyte contained 1.0 N HCl. This solution was 
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deaerated and a differential pulse voltammetry (DPV) scan was recorded 
following a 2 minute deposition at -0.6 V. An aliquot of Cu(II) stock 
solution was added to the electrolyte resulting in a concentration of 
0.1 mM, (6.4 ppm). A DPV scan was recorded, which can be seen in Figure 
10, curve a. Then an aliquot of AsCIII) stock solution was added to the 
mixture producing a concentration of 0.15 uM, (11ppb). This solution was 
again analyzed by DPV, as seen in Figure 10, curve 
sufficient solid catechol was added to the analytical 
b. Finally 
solution to 
produce a concentration of 0.5 M. Another DPV was recorded of the 
solution and presented in Figure 10, curve c. It can be seen that the 
HC1/Cu(II) solution, 
peak. The addition 
Figure 10, curve a, did not produce a stripping 
of As(III) to the solution produced a dramatic 
stripping peak at -0.72 V versus the Ag/AgCl reference electrode. After 
addition of catechol the peak current is much reduced, it no longer has 
a good shape and the peak potential has shifted to -0.76 V. Very 
similair results were obtained using the method developed by Henze, et 
ale (43). 
The results with As(III) were sufficiently encouraging to warrant 
conducting an experiment with As(V). The method of Sadana was used for 
these experiments. Two sets of data were collected for a single As(V) 
kinetic experiment. The background solution was composed of 1.0 N lICl 
and 79 uM, 5 ppm Cu (II). In Figure 11 and Figure 12 a DPV scan of this 
background solution is shown for experiments conducted at two different 
deposition potentials, -0.3 V and -0.5 V respectively. Then an aliquot 
of As(V) stock solution was added to the background solution to produce 
an arsenic concentration of 2.3 roM, (175 ppm). The solution was mixed 
c 
1 0.02 uA 
b 
I 0.2 uA 
a 
-0.6 -O.B -1.0 -1.2 V vs. Ag/AgCl 
Figure 10. Differential pulse cathodic 
stripping of As(III) in 0.5 M catechol. 
a. 1.0 N HCl and 6.4 ppm Cu(II) 
b. 1. 0 N HCI, 6.4 ppm CU (II), 11 ppb As (III) 
c. 1.0 N HCl, 6.4 ppm CU(II). 11 ppb As(III) 
and 0.5 M catechol. 
np.nosition potential 2 -.06 V 
depositi":m period :s 2 min stir/D. 5 min quiet 
scan rate a 5mV/s, pulse height ~ 50 mV 
Hanging mercury drop electrode. 
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d 
1 uA / c 
b 
a 
-0.5 -0.6 -0.7 -0.8 -0.9 V ITS. 7\q/21gCl 
Figure 11. Differential pulse cathodic 
stripping of As(V) in 0.5 r1 catechol. 
Deposition potential = -0.5 V 
a. 1.0 N lIeI 
b. 1.0 N Hel, 5 ppm Cu(II) 
c. 1.0 N Hel, 5 ppm CU(II), 0.5 M catechol 
d. 1.0 N Hel, 5 ppm Cu(II), 0.5 M catechol, 
and 175 ppm As(V) 
. 
deposition period = 2 min stir/ 0.5 min quiet 
scan rate = 5 mV/s, pulse height 50 mV 
hanging mercury drop electrode 
-0.3 -0.4 -0.5 -0.6 -0.7 
Figure 12. Differentia1pu1se cathodic 
stripping of As(V) in 0.5 M catechol. 
Deposition potential = -0.3 V 
a. 1.0 N HC1 
b. 1.0 N HC1, 5 ppm Cu1It) 
c. 1.0 N HC1, 5 ppm Cu(II) , 0.5 M c;ttechol 
d. 1.0 N HC1, 5 ppm Cu(II), 0.5 M catechol, 
and 175 ppm As (V) 
deposition period = 2 min stir/ 0.5 min quiet 
scan rate = 5mV/s, pulse height = 50 mV 
hanging mercury drop electrode 
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-0.8 V vs. Ag/AgC1 
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and differential pulse cathodic stripping scans were recorded as the 
EAC decayed. The cathodic stripping voltammograms were conducted 
alternately at -0.3 V and -0.5 V deposition potentials. In Figures 11 
and 12 two examples of DPV scans are shown. When the deposition 
potential equals -0.3 V a single peak is observed in the stripping 
experiment. A double stripping peak is observed when the deposition 
potential is equal to -0.5 V. This curious double peak may be caused by 
the large concentration of arsenic deposited into the working electrode. 
The results of these experiments were sufficiently encouraging to 
suggest further study in the application of copper aided cathodic 
stripping voltammetry to analysis of As(V) concentrations. 
Consequently, a number of additional experiments were planned. 
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Enhancement 
The cathodic stripping methods developed by Henze et a1. (43) and 
Sad ana (44) possess a number of unusual characteristics. The most 
intriguing aspect is the unexpectedly large stripping peak observed 
during analysis of solutions containing As(III) at the parts per billion 
level. This phenomena was not investigated by either research group. 
The enhanced stripping current peak suggests that low levels of As(V), 
complexed by catechol, could also be successfully measured by cathodic 
stripping voltammetry. Experiments were conducted to determine the 
source of the enhanced stripping peak. 
to as cou10metric studies. 
These experiments are referred 
The coulometric studies involved integrating the current-voltage 
curves recorded for reduction of As(III)-Cu(II) solutions to determine 
the number of coulombs consumed in the electrode reaction. The number 
of coulombs can then be converted into moles of copper or arsenic 
reduced at the electrode by use of Faraday's Law. The number of 
coulombs consumed in reduction reactions were measured with the current 
integrator module of a Heka potentiostat. The current could be 
integrated during a voltage scan and the resultant values of charge 
displayed on a x-y recorder as a plot of coulombs versus app~ied 
potential. 
In Figure 13 a number of current-voltage curves are shown for 
linear scan voltammograms performed at a hanging mercury drop electrode. 
The linear potentials scans seen in Figure 13 were conducted at a scan 
rate of 50 mV/s, initial potential of +0.052 and a final potential of -
0.998 V versus the Ag/AgCl reference electrode. Curve (a) represents 
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c 
____________ ---b 
~a 
0.0 -0.2 -0.4 -0.6 -0.8 -1.0 
V VB. Ag/AgCl 
Figure 13. Current voltage curves for 
integration studies. 
a. 1.0 N HCl, 250 uM As(III) 
b. 1.0 N HCl, 2 roM Cu(II) 
c. 1.0 N HCl, 250 uM As (III), 2 mM Cu (II) 
scan rate 100 mV/s 
Linear scan voltammetry at hanging mercury drop 
electrode. 
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the CV curve of the supporting electrolyte, 1.0 N HCI and an aliquot of 
As(III) to produce a solution of 0.25 mM or 19 ppm. A similair solution 
of electrolyte and 127 ppm Cu(II) is shown in curve (b). In curve (c), 
a CV scan was recorded of a solution containing 19 ppm As(III) and 2 mM, 
127 ppm Cu(II). The linear scan voltammogram shows an enhanced 
"stripping" peak attributable to reduction of the arsenic-copper 
intermetallic. In Figure 14 the integration curves are shown for 
solutions of As(III) alone, Cu(II) alone and a mixture of As(III) and 
Cu(II). From this data the number of coulombs for solutions of arsenic, 
copper, and arsenic and copper can be determined. 
c 
I 200 uC 
0.0 -0.2 -0.4 -0.6 -0.8 -1.0 V vs. Ag/AgCl 
Figure 14. Charge voltage curves for 
integration studies. 
a. 1.0 N HC1, 250 uM As(III) 
b. 1.0 N HCl, 2 mM Cu(II) 
c. 1.0 N HC1, 250 uM As(III), 2 mM Cu(II) 
scan rate 100 mV/s 
Linear scan voltammetry at a hanging mercury 
drop electrode. 
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In the preliminary experiments it was observed that the addition 
of catechol to the analytical solution reduced the size of the arsenic 
cathodic stripping peak. Experiments were conducted to study the effect 
of catechol on the cathodic stripping with copper codeposition of 
arsenic. 
A solution was prepared which contained 1.0 N HelO and 0.1 mM, 
4 
6.35 ppm Cu(II). Linear voltammograms were recorded of the reduction of 
Cu(II) at a HMDE. The initial potential was +0.25 V versus the Ag/AgCl 
reference electrode and the scan was conducted at a rate of - 100 mV/s. 
A recording of the Cu(II) reduction can be seen in Figure 15, curve a. 
The reduction peak potential for Cu(II) was found to be -0.1 V versus 
the Ag/AgC1 reference electrode. Solid catechol was then added to the 
Cu(II) solution to produce a concentration of 0.5 M. Another linear 
scan was recorded and shown in Figure 15, curve b. It can be seen that 
the Cu(II) reduction peak shifts significantly in the cathodic direction 
and is found at a potential of -0.67 V versus the Ag/AgCI reference 
electrode. This cathodic shift in the peak potenia1 is quite 
significant and accounts for the loss of sensitivity of cathodic 
stripping of As(III) with copper codeposition. When deposition 
potentials of -0.6 V are applied the Cu(II) does not reduce to form 
copper-amalgam in solutions of 0.5 M catechol. Cathodic stripping of 
As(III) is not effective without the formation of copper-amalgam during 
the deposition step. In addition the Cu(II) reduction peak current has 
decreased by 22%. 
To solve the problem of the cathodic shift in the Cu(II) reduction 
potential a number of approaches were tested. These approaches can be 
b 
a 
50 
0.0 -0.2 -0.4 -0.6 -O.B --J.O 
V vs. Ag/AgCl 
0.0 -0.2 -0.4 -0.6 -O.B 
V vs. Ag IAgCl 
Figure 15. Effect of catechol on the reduction of 
Cu(Il). 
a. 1.0 N HCl04 , 6.35 ppm CU(II) 
b. 1.0 N HCl04, 6.35 ppm CU(II), 0.5 M catechol 
Linear scan voltammetry at hanging mercury drop 
electrode, scan rate = 100 mV/s. 
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described as two different types; solution phase studies and working 
electrode studies. The solution phase experiments involved studying 
supporting electrolytes and copper ion speciation in hopes of finding a 
combination of electrolyte and copper ion which would resist reaction 
with catechol. Working electrode studies involved examination of metal-
amalgam electrodes such as copper wire-mercury film electrodes and their 
use in cathodic stripping voltammetry. The solution phase experiments 
will be described below. The metal-amalgam electrode experiments will 
be described in a later section. 
The mineral acid recommended for acidification of aqueous samples 
for As(III) analysis by both Henze et al. (43) and Sad ana (44) was 
hydrochloric acid. Sadana (44) reported that sulfuric acid is an 
unsuitable medium for cathodic stripping analysis. Apparently the 
choice of mineral acid has a great influence on the success of cathodic 
stripping experiments. The experiments illustrated in Figure 15 were 
conducted in perchloric acid. In perchloric acid solution the Cu(II) ion 
reacts with added catechol to form a complex which is more difficult to 
reduce than free Cu(II). The copper ions must be more easily reduced 
than the As(III) ions for successful cathodic stripping. To ensure the 
required order of copper and arsenic reduction potentials the copper ion 
must be protected from complexation with catechol. Proper choice of 
mineral acid and copper oxidation state could prevent copper reaction 
with catechol. 
Experiments conducted in this study demonstrated that in high 
concentrations of 1.0 M, the chloride ion may successfully compete with 
catechol for reaction with Cu(I). The cuprous ion is strongly complexed 
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-1 
by chloride ion resulting in the CuCl 
2 
ion with a reduction peak 
potential of approximately -0.1 V versus the Ag/AgCl reference 
electrode. 
Linear scan voltammetry conducted on solutions of 1.0 N HCI, 63.5 
ppm Cu(I) without and with catechol demonstrated that the CuCl species 
2 
resists reaction with catechol. The potential of the reduction peak 
does not change after catechol addition. In Figure 16 the use of Cu(I) 
in the cathodic stripping of As(V) is illustrated. 
Copper (1) and Arsenic (V) 
Copper (I) has been reported as a useful reductant for As(V) in 
aqueous solutions. Simon et a1. (53) have recommended the use of Cu(I) 
for conversion of As(V) into As(III) for subsequent analysis. 
Experiments were conducted to determine if Cu(I) reduces As(V), 
converting it into As(III) in typical cathodic stripping conditions. 
Solutions of 1.0 N HCI, 2 mM (127 ppm) Cu(I), and 0.5 mM (37.5 
ppm) As(V) were prepared. Each solution was deaerated by nitrogen gas. 
After mixing of the components the solution composition was monitored by 
periodic linear potential scans. Changes in the copper ( I) 
concentration would be evidenced by a growth of the copper reduction 
peak. Conversion of the As(V) into As(III) would be evidenced by 
formation of a cathodic stripping peak for the As(III). These changes 
would correspond to the following oxidation-reduction reaction. 
2Cu(r) + As(V) 2Cu(II) + As(III) (4) 
The conversion of As(V) to As(III) under these experimental 
0.5 uA I ~ d 
~c 
, 4-
-0.4 -0.6 -0.8 V vs. Ag/AgCl 
Figure 16. Differential pulse cathodic 
stripping vo1tamrnetry of 370 ppb As(V) 
with CU(I) codeposition in 0.5 M catechol. 
a. 1.0 N HCl 
b. 1.0 N HCI, 6.35 ppm CU(I) 
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c. 1.0 N nCl, 6.35 ppm Cu(I), 0,5 M catechol 
d. 1.0 N HC1, 6.35 ppm CU(I), 0.5 M catechol, 
370 ppb AS(V) 
deposition potenetial ~ -0.4 V 
deposition period = 1 minute 
scan rate = 10 mv/s 
pulse height = 50 mV 
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conditions was not observed. Detailed results of these experiments 
shall be presented later. 
Metal Amalgam Electrodes 
Cathodic stripping should be possible at metal-amalgam electrodes 
composed of solid metal electrodes plated with a thin mercury film. At 
these working electrodes the metal-amalgam has already formed and no 
free metal ion should be neccessary for successful cathodic stripping of 
As(III). Experiments were conducted with copper, nickel and palladium 
electrodes coated with a thin film of mercury. 
A copper electrode was prepared for evaluation. This electrode 
consisted of a 1 mm diameter copper wire embedded in a non-conducting 
epoxy. The epoxy electrode was 0.5 inch in diameter with the copper 
wire embedded in the center. The electrode surface was cut 
perpendicular to the length of copper wire and polished with an alumina 
slurry to produce a microscopically smooth surface. A thin mercury film 
was deposited from a 1.0 N HClO solution containing 1.0 mM Hg(II). A 
4 
deposition potential of -0.4 V was applied for 2 minutes to produce a 
thin mercury film. The film was conditioned by cyclic scans in the 
potential range of 0.0 V to -1.0 V. The reproducibility of cathodic 
stripping experiments performed at the copper-amalgam electrode was 
tested using solutions of 1.0 N HCIO and 55 uM, 4.2 ppm As(lll). The 
4 
arsenic was deposited at a potential of -0.5 V for 1 minute. The 
arsenic was then cathodically stripped by a linear scan. The current 
was integrated during arsenic deposition and stripping. The measured 
charge corresponds· to the amount of arsenic deposi ted in addition to 
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other faradic and nonfaradic contributions of trace components. An 
example of a stripping peak produced at a copper amalgam electrode can 
be seen in Figure 17. 
The use of copper-amalgam electrodes in catechol solutions was 
also examined. The copper-amalgam electrode was used as the working 
electrode in a solution of As(III): Cathodic stripping voltammetry was 
conducted on the AsCIII) solution. Solid catechol was then added to 
the As(III) solution to produce a concentration of 0.5 M. Cathodic 
stripping voltammetry was again performed. Cathodic stripping peaks 
were observed for As(III) at the copper-amalgam electrodes both in 
solutions with catechol and without. In solutions of catechol the 
cathodic stripping peak was significantly reduced in size. 
In addition to study of the use of copper-amalgam electrodes other 
metals were considered as possible aids for cathodic stripping of 
As( III). Solid metal-amalr,am electrodes composed of nickel or paladium 
were also tested. No evidence of an arsenic cathodic stripping peak was 
observed when nickel or paladium electrodes were used in As(III) 
solutions. 
Cathodic Stripping with Codeposition !?i. Ni, Pd, and Fe 
The effect of added Ni(II), Pd(II), and Fe(III) on the cathodic 
stripping of As(III) was examined. Cathodic stripping with 
codeposition of Ni(II), Pd(II), or Fe(III) was conducted on 2 mM 
solutions of the added ion. Cathodic stripping peaks were observed for 
all of the metal ions examined. The arsenic stripping peak was 
relatively small and close to the hydrogen wave for solutions of Pd(II) 
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I 10 uA 
o -0.2 -0.4 -0.6 -0.8 -1.0 V 
vs. Ag/AgC1 
Figure 17. Cathodic stripping performed at a coppe~­
amalgam electrode. Deposition Potential - -0.5 V, 4.2 
ppm As(III). 1.0 N HC1 electrolyte. Deposition period 
2 min stir/ 0.5 min quiet. Scan rate = 50 mV/s. 
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and Fe(III). Solutions of Ni(II) produced strong cathodic stripping 
signals but again the stripping peak was close to the hydrogen evolution 
wave. In solutions of low arsenic concentrations the hydrogen wave 
masks the stripping peak resulting in poor sensitivity for cathodic 
stripping voltammetry with nickel codeposition. 
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Nethod for Speciation of Inorganic Arsenic 
The electrochemical method chosen to measure low, environmental 
levels of As(III) and As(V) must be very sensitive. The technique of 
cathodic stripping voltammetry with copper codeposition was chosen for 
application to the determination of As(V) concentrations. 
A procedure was developed for measurement of inorganic arsenic in 
aqueous samples. Solution conditions were chosen to maximize the 
sensitivity of analysis procedures for both As(III) and As(V). Hater 
samples were acidified with aliquots of concentrated, ultra pure HCl to 
produce a concentration of 1.0 N HCl. To determine the As(III) 
concentration aliquots of Cu(l) stock solution were added to the 
acidified sample. The resultant Cu(r) concentration was equal to 8 
ppm. Cathodic stripping voltammetry \~as then conducted as in the 
methods described by Sadana (44). 
To analyze for As(V) in water samples catechol must be added to 
the water sample to produce the EAC. Appropriate electrochemical 
techniques such as CSV can then be used to monitor the EAC and determine 
its concentration. The concentration of the electroactive complex can 
then be us~d to determine the As(V) concentration from a calibration 
curve prepared from standard solutions. Experiments were conducted to 
develop a method for determination of As(III), and As(V) separately, 
and the combined As(III) and As(V) concentrations in water samples. 
The procedure for preparation of the electroactive complex is a 
critical step in the analysis of As(V). The resultant solution's 
condition should favor formation of the EAC in the highest possible 
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concentration. One problem is that the reaction conditions (high acid, 
high catechol) which promote high EAC concentrations also result in 
rapid decay of EAC to reach equilibrium. One of the three chemicals 
needed for formation of the EAC; (As(V), catechol, or hydrogen ion) must 
be added rapidly to the analysis mixture followed quickly by 
electrochemical analysis within 30 seconds. The arsenic is already 
present in the water samples to be analyzed and so is not added to the 
mixture during analysis. Either the catechol or hydrochloric acid could 
be added as the final reagent to form the electroactive complex. 
Experiments were conducte~ to test the feasability of adding catechol as 
the final reagent for EAC formation. 
The analysis procedure for inorganic arsenic in water samples 
contains 2 steps. The first step involves analysis of the water sample 
for As(III) concentration. The analysis conditions require 
acidification of a 5.0 mL aliquot of the water sample. The resultant 
solution concentration was 1.0 N Hel. Then an aliquot of Cu(I) stock 
solution is added to produce a concentration of 8 ppm Cu(I). The 
arsenite ion is determined by CSV. A deposition potential of -0.4 V 
versus the Ag/AgCl reference electrode was applied for 1 minute (30 
seconds strirred-30 seconds quiet). The arsenic is stripped by a 
differential pulse cathodic scan at the rate of 10 mV/s. The peak 
height is measured and compared to a standard curve for quantification 
of the As(III) concentrae1on. 
In step II of the analysis procedure catechol is added to the 
above solution to permit determination of the As(V) concentration. This 
step requires rapid, (within 30 seconds), addition and mixing of the 
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catechol with the analysis solution. To achieve rapid mixing the 
catechol was added as a mixture containing 1.0 N HCl, 8 ppm Cu(I) and 
1.0 M catechol. The catechol mixture was prepared in bulk volumes of SO 
mL to 100 mL. The solution was deaerated by bubbling nitrogen gas into 
the mixture. For each As(V) analysis 5.0 mL aliquots of the catechol 
mixture was added to the 5.0 mL water sample. The catechol mixture was 
injected into the analysis solution with a 10.0 mL glass syringe fitted 
with a flexible plastic tip. The flexible plastic tip was easily 
inserted into the electrochemical cell for addition of catechol. The 
plastic tip also avoided contamination observed when a stainless steel 
syringe needle had been used in the past. Catechol is a strong 
"universal" complexing agent and it was observed that the catechol 
,mixture was quite corrosive to steel parts. When this catechol mixture 
is added in equal volumes to the analysis solution the resultant 
concentrations will be 1.0 N HCl, 8 ppm Cu(I), and 0.5 M catechol. 
Step II involves performing CSV on the new analysis solution 
prepared above. The solution conditions chosen are best suited for the 
formation of the EAC. The kinetic reaction of the EAC is timed from the 
addition of the catechol mixture. Analysis of the solution begins after 
a 30 second mixing period. The analysis technique employed is cathodic 
stripping voltammetry as described above for As(III) analysis. Cathodic 
stripping voltammetry was performed by applying a deposition potential 
of -0.4 V for 1 minute followed by a differential pulse cathodic scan. 
The first analysis commenced 30 seconds after addition of catechol, when 
the deposition potential of -0.4 V was applied. The first cathodic 
stripping scan was recorded at time equals 1 minute and 30 seconds, 
after the first deposition period was complete. 
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Then additional CSV 
analyses are performed every few minutes until equilibrium is reached, 
(approximately 12 minutes). The peak height measured from the CSV 
recordings is then used to determine the As(V) concentration. The 
calculations used will be described in the results and discussion 
chapter. 
Experiments were conducted on a series of known solutions. The 
analytical method outlined above was tested on solutions of As(III) 
alone, As(V) alone, variable As(III) concentrations with constant As(V) 
levels, and variable As(V) concentrations with constant As(III) levels. 
EXPERU1ENTAL RESULTS 
The results of the experiments described in the previous chapter 
are presented in this section under the headings: Electroactive Complex 
Studies, Differential Pulse Polarographic Studies of As(III) and As(V) 
in the Presence of Catechol, and Stripping Voltammetry. 
ELECTROACTIVE COMPLEX STUDIES 
Experiments were conducted to provide information on the identity 
of the electroactive complex. The As(V)-catechol electroactive complex 
was formed by mixing solutions of acid, arsenic (V) and catechol to 
produce a kinetically active system. The electroactive complex, (EAC), 
is a transient species whose concentration was monitored by 
electrochemical methods. The data collected consisted of time dependent 
current measurements. The reduction current of the EAC is proportional 
to its concentration at the time of measurement. The change of current 
with time follows exponential decay as can be seen in Figure 18. 
Exponential decay suggests a pseudo first order reaction mechanism 
for the disappearance of the EAC. This mechanism can be simply 
expressed as the following equation where the EAC is converted into a 
higher order, electroinactive complex, (M), of unknown stoichiometry. 
k , 
;: f 
EAC ? M k 
(5) 
b 
A rate expression for the above equation is written as follows. 
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Figure 18 Current Decay of the EAC. 
Reduction peak current as a function of time. 
pH = O. Monitored by linear scan voltammetry 
at a hanging mercury drop electrode, scan rate 
= 50 mV/s. 94 ppm As(V), 0.5 M catechol, 1.0 
N NaCIO 4' and 1. 0 N HCIO 4. 
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d[EAC] k '( [EAC] ) - k '( [M] ) (6) 
fob 0 
dt 
This equation can be integrated. Equation (7) shown below results when 
the assumptions that the concentration of the higher order complex, M, 
at the initiation of the reaction, t=O, is equal to zero: [M] = 0 at t 
= 0, and [M] = [EAC] 
(k ' + k ')t 
f b 
o 
[EAC] is used. 
t 
In [EAC] - [EAC] 
o e 
[EAC ] - [EAC ] 
t e 
o 
(7) 
The reduction current, i, is proportional to the electroactive complex 
t 
at any time, t, and can be substituted into the above equation for the 
EAC concentration terms. The above equation can then be rearranged into 
a form suitable for graphical analysis. 
In{i - i } 
t e 
-(k ' + k ')t + In{i - i } 
f b 0 e 
(8) 
The plot of In{i i } vs. time, t, has a slope of -k, the sum of the 
t e 
forward and reverse rate constants, k = ( k ' + k '). The psuedo first 
f b 
order rate constant for the decay of the EAC is k ' These 
f 
calculations are performed after the current voltage curves recorded 
during the decay of the EAC have been measured. The reduction peak 
current is measured for each CV curve resulting in a specific value of 
i. The value of i is calculated from the average reduction peak 
t e 
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current measured when equilibri.um is reached. It is assumed that 
equilibrium is reached when the reduction peak current no longer changes 
with time. This condition is typically achieved within 30 minutes of 
formation of the electroactive complex. The intercept of this graph 
is In{i - i }. This value can be used to calculate i , the current at 
o e 
time equals zero which is 
o 
directly proportional to the As(V) 
concentration. In Figure 19 we can see an example of such a graph, 
calculated from data such as that presented in Figure 4. Since this 
plot is a straight line, it demonstrates that the disappearance of the 
EAC follows first order kinetics. 
In solutions of higher pH, such as pH=2, the rate of formation of 
the electroactive complex has a finite value. The formation of the EAC 
is observed in Figure 20 as an increase in peak current immediately 
after the mixing of reaction components. The current rises to a maximum 
value and then decreases as the reaction progresses following an 
exponential decay. The rate of formation of the EAC depends on the 
hydrogen ion concentration as illustrated in Figure 20, where a finite 
increase in peak current is observed prior to decay of the peak current 
at pH values of 2. When the pH becomes lower, pH=1, the rate of EAC 
formation is rapid and not observed, as seen in Figure 18, where the 
initial peak current is at a maximum value and exponential decay of the 
pe~k current is observed. 
The values of the~intercept and slope of the kinetics plots vary 
as the catechol concentration and pH change. As described before the 
value of the intercept of the kinetics plot can be used to calculate the 
value of i , which is proportional to As(V) concentration. In Figure 21 
o 
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Figure 19. Kinetic plot of EAC decay current. 
Monitored by linear scan voltammetry at a hanging . 
mercury drop electrode, scan rate = 50 mV/s. 94 ppm 
AS(V), 0.5 M catechol, 1.0 N NaC104 , and 1.0 N HC104 • 
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Figure 20. CUrrent decay of the EAC. 
Reduction peak current as a function of time. 
pH = 2. 
75 ppm As (V); 0 ~-5 -M catechol, anlft 1. 0 N NaCIO 4 
Linear scan voltammetry at hanging mercury 
electrode, scan rate = 50 mV/s. 
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a plot of the value of i is plotted as a function of catechol 
o 
concentration for solutions of 1.25 mM AsCV) is presented. The data 
represented in Figure 21 were calculated from experiments conducted in 
solutions of 0.1 N HCl. The data represented in Figure 22 was 
calculated from experiments conducted in solutions of 1.0 N HCl. The 
data presented here again demonstrates that the the hydrogen ion 
concentration has an affect on the value of i • 
o 
DIFFERENTIAL PULSE POLAROGRAPHIC STUDIES OF As(III) AND As(V) IN THE 
PRESENCE OF CATECHOL 
Differential pulse polarography, (DPP), is a very sensitive 
technique for determination of AsCIII) in a variety of environmental 
samples. This technique was used to measure the concentration of As(V) 
through complexation with catechol and formation of an electroactive 
complex. Preliminary experiments were conducted on solutions of As(III) 
and catechol to determine the influence of catechol on the DPP of 
As(III). Then DPP results were used to prepare a calibration curve for 
As(V) determination. 
To evaluate the effect of catechol on As(III) a calibration curve 
was prepared for As(III) in a solution of 0.5 M catechol and 1.0 N Hel. 
In Figure 8 a series of differential pulse polarographs of As(III)-
catechol solutions is presented. The data from these experiments were 
used to prepare a calibration curve for As(III) in 0.5 M catechol. In 
Figures 23 and 24 the calibration curve is presented as a plot of 
reduction current versus As(III) concentration. The detection limit was 
determined by the method of Skogerboe et al. (54). The calculated 
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Figure 21. Initial current, i , as a function of catechol 
concentration in 1.0 N HCl solu~ion with 94 ppm As(V) • 
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Figure 22. Initial current, i , as a function of catechol 
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concentration in 1. 0 N HCl solution with 94 ppm As (V) . 
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As (I II ) CONCENTRJ\TION, pp b 
Figure 23. Calibration curve for analysis of As(III) in 
0.5 M catechol solution by differential pulse polarography. 
o ppb to 200 ppb. 
Dropping mercury electrode, pulse height = 100 mV, 
SCan rate == 10 mV/s. Supporting electrolyte == 1.0 N BCl. 
8 10988 
As(III) CONCENTRATION, ppb 
Figure 24. Calibration curve for analysis of 
AS(III) in 0.5 M catechol solution by differential 
pulse polarography. 
Dropping mercury electrode, pulse height = 100 mV, 
scan rate = 10 mV/s. Supporting electrolyte = 1.0 
N HC!. 
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detection limit was found to be 3.1 ppb As(III) at the 95% confidence 
level. 
A calibration curve was also prepared for solutions of various 
As(V) concentrations and 0.5 M catechol. Each As(V) concentration was 
studied in an individual experiment. The EAC was monitored by 
application of a constant potential of -0.40 V. The current produced by 
reduction of the EAC was recorded on a strip chart recorder producing a 
record of reduction current versus time as seen in Figure 11. The strip 
chart recordings were then used in kinetic calculations to determine the 
value of i, which is proportional to the As(V) concentration. In 
o 
Figure 25 the calibration curve for As(V) is presented as a plot of 
current, i versus 
o 
calculated by the 
As(V) 
same 
concentration. The 
method. At the 95% 
detection limit was calculated to be 0.24 ppm. 
STRIPPING VOLTAMMETRY 
detection limit was 
confidence level the 
The detection limits calculated for determination of As(V) by 
polarographic techniques are in the low ppm range. These high detection 
limits prevent the use of polarographic methods in determination of 
As(V) concentrations in environmental samples where arsenic levels are 
usually in the 1 to 100 ppb range. Voltammetric stripping techniques 
were examined for application to the determination of As(V) 
concentrations at envirortmental levels. 
Cathodic Stripping with Cu Codeposition 
Two techniques have been reported for cathodic stripping 
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Figure 25. Calibration curve for analysis of As(V) in 
0.5 M catechol solution, determined by constant potential 
voltammetry. E l' d= -0.4 V versus ~g/AgCl reference. 
i'lpp l.e 
Working electrode = dropping mercury electrode 
supporting electrolyte = 1.0 N NaCI04/ 0.1 N HCl04 
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voltammetric analysis of As(llI) with copper codeposition (43,44). Both 
methods require added Cu(II) and report very good sensitivities. 
Preliminary experiments were conducted to test the use of copper-aided 
cathodic stripping voltammetry for analysis of AsCIII) in soluti~p.s of 
catechol. In Figure 10 the cathodic stripping vo1tammograms for 
solutions of AsCIII), AsCIII) and CuCII), and AsCIII), CuCII), and 
catechol are illustrated. The stripping peak current decreases by 33% 
in the presence of catechol. 
The dependence of stripping peak height on copper concentration 
was examined. A solution of 0.14 uM, 10.5 ppb As(III) was treated with 
various concentrations of Cu(II). Cathodic stripping was conducted on 
each solution of different copper concentration. In Figure 26 the 
stripping peak current is plotted versus copper concentration. It can 
be seen that the peak current increases as the copper concentration 
increases, and furthermore, the large area of the peaks suggests that 
some other electrochemical reaction is also occuring. 
Current integration experiments were conducted to determine if the 
stripping peak is indeed enhanced by another cathodic process. The 
experimental solutions were composed of 1.0 N HC1, As(III) and Cu(II). 
Concentrations of the arsenic and copper were deliberately chosen so 
that the "stripping" peak was observed during linear potential scans 
without the need for a deposition step. In Figure 13 a sample of the 
typical current voltageP curves obtained in these experiments can be 
seen. The curves of charge versus applied potential presented in Figure 
14 essentially represent the integration of the current versus potential 
curves in Figure 13. The charge for various solutions of As(III) and 
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Figure 26. Dependence of cathodic stripping 
current on Cu(II) concentration. Solution 
conditions; 0.14 uH, 10.5 ppb As (III) , 0.1 N RCI. 
Deposition period: 2 minutes 
Deposition potential: -0.5 V vs. Ag/AgCl reference 
electrode. 
Differential pulse cathodic strippinq analv~i~ 
scan rate = 10 mV/s, pulse height = 50 mV 
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Cu(ll) was measured from the integrated curve and used to calculate 
stripping enhancement. 
Each cathodic stripping integrated curve recorded can be described 
as the sum of the current integration for each component of the analysis 
solution. The analysis solution was composed of the components of 
supporting electrolyte, (E), arsenic(III), (As), and copper(II), (Cu). 
The charge from each component part was determined from evaluation of 
linear potential sweeps and current integrations recorded for each of 
the independent solutions of electrolyte, (E), arsenic and electrolyte, 
(As+E), and copper and electrolyte, (Cu+E). The experimental sum of the 
charge for a typical cathodic stripping solution was determined by 
recording current and charge curves for a solution composed of 
electrolyte, arsenic and copper, (As+Cu+E). The experimental value 
measured for a solution of arsenic, copper and electrolyte can be 
compared to the arithmetic sum of the component parts, this value shall 
be referred to as the (SUM). The difference between the experimental 
value of (As+Cu+E) and (SUM) represents the value of the stripping 
enhancement, and shall be referred to as (DIF). The equations below 
illustrate these calculations. 
(SUM) 
(DIF) 
(As + E) + (Cu + E) - (E) 
(As + eu + E) - (SUM) 
(9) 
(10) 
The current enhancement observed for cathodic stripping with 
copper codeposition is graphically illustrated in Figure 27. The 
normalized excess charge, [DIF]/[As], is plotted versus the normalized 
copper concentration, [Cu]/[Asj. When the ratio of copper to arsenic 
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Figure 27. Dependence of normalized stripping enhance-
ment, (DIF)/(As), on normalized coppeL concentration, 
(Cu)/(As). 
100 
Calculated from the data collected from cathodic stripping 
analysis of As(III) and Cu(II) solutions. Cathodic 
stripping analysis was performed at a hanging mercury 
electrooe. 
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is between zero and ten there is little enhancement observed. When the 
ratio of copper to arsenic increases to the range of 10 to 75 the 
current enhancement observed is essentially the constant value of 2. An 
enhancement value of 2 means that the stripping current observed is 200% 
greater than the current expected for arsenic alone. When the 
normalized copper concentration increases above approximately 80 times 
greater than the arsenic level the enhancement begins to increases 
again. The region of uniform enhancement most probably corresponds to a 
concentration region where a specific arsenic-copper intermetallic is 
stable. The significant enhancement observed in these experiment is 
the source of the great sensitivity of these cathodic stripping 
techniques. 
In order to apply the cathodic stripping methods developed for 
As(III) analysis to As(V) analysis the effect of catechol on these 
techniques must be examined. The preliminary results from cathodic 
stripping experiments conducted on solutions of As(III) and catechol 
indicate that the cathodic stripping peak current is reduced when 
catechol is added to analysis solutions of Cu(II) and As(III). 
Experiments were conducted to identify the cause of the decrease in the 
stripping peak current. 
In Figure 16 the recordings of linear potential scan experiments 
of Cu(II) solutions with and without catechol illustrate the dramatic 
impact of catechol on the reduction potential of Cu(II). Without 
catechol the Cu(II) reduces at approximately +0.04 V versus the Ag/AgCl 
reference electrode. When catechol is added to the solution the 
reduction potential shifts to -0.67 V versus the Ag/AgCl reference 
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electrode. Cathodic stripping can be performed on As(III)-catechol 
solutions with the expected sensitivity in the absence of catechol if 
copper ion can be protected from reaction with catechol. Copper can be 
protected from reaction with catechol if it is in the form of Cu(I) and 
in the presence of high chloride ion concentration so that reaction with 
chloride ion occurs and the stable CuCl species is formed. The 
2 
reduction potential of Cu(l) in 1.0 N HCl remains at +0.04 V versus the 
Ag/AgCl reference electrode when catechol is added to the analysis 
solution. Figure 16 illustrates the use of Cu(l) for cathodic stripping 
of As(V) in catechol solutions. Copper (I) in 1.0 N HCl can be used for 
cathodic stripping of arsenic when catechol is necessary for As(V) 
analysis. 
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In order to determine the concentration of As(V) by cathodic 
stripping with copper codeposition a number of special requirements must 
be met. The use of the EAC for detection of As(V) requires the presence 
of catechol in the analysis solution. As was observed above, the source 
of copper for cathodic stripping experiments conducted with catechol 
must be Cu(I). However, copper (I) has been recommended as a reducing 
agent for the conversion of As(V) into As(III) (53). Experiments were 
conducted to determine if Cu(I) is an effective reducing agent for As(V) 
under typical cathodic stripping conditions. Solutions of 1.0 N HC1, 2 
mM Cu(I), and 0.5 mM As(V) were monitored by periodic linear potential 
scans. The change in the copper reduction current over a period of 12 
hours is reported in Table II. 
TABLE II 
REACTION OF 2.0 mM Cu(I) AND 0.5 mM As(V) 
time 
hr:min:s 
3:52 
5:04 
5:50 
28:00 
29:00 
30:00 
1: 17: 00 
1:18:00 
1:19:00 
2:00:36 
2:01:30 
2:03:00 
12:38:00 
12:39:00 
peak current, uA 
5.37 
5.40 
5.45 
5.50 
5.75 
5.63 
5.58 
5.80 
5.58 
5.80 
5.60 
5.95 
7.25 
7.45 
There was no evidence of a cathodic stripping peak in the 
experiment. After 12 hours the solution was treated with As(III) to 
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produce a concentration of 0.56 mM As(III). A dramatic stripping peak 
was then observed when As(III) was present in the solution in equal 
concentrations to the As(V). 
Copper-electrodes were also examined for application to the 
cathodic stripping analysis of arsenic. The results of repetitive 
cathodic stripping experiments conducted on a 4.2 ppm solution of 
As(III) yielded an average stripping charge of 46.5 uC with a relative 
standard deviation of 18.8%. 
As(III) solutions with and without catechol were analyzed with 
copper-amalgam electrodes. The solution of As(III) without catechol had 
a stripping current of 1.6 mAo When catechol was added to the As(III) 
solution the stripping peak was 0.89 mAo The addition of solid 
catechol diluted the As(III) concentration by approximately 5% yet the 
stripping peak current was reduced by 45%. The decrease in the 
stripping peak current may result from differences in the diffusion 
coefficients for As(III) and As(III)-catechol complexes present in 
catechol solutions. 
Method for Speciation of Inorganic Arsenic 
The procedure for analysis of As(III) and As(V) in aqueous 
solution involves two major steps. The analysis of As(III) is conducted 
in the first step; the sample is acidified, copper (I) is added, and 
cathodic stripping is performed. The As(III) concentration is then 
determined by comparing the stripping peak current to the appropriate 
calibration curve, Figure 28. In the second step a catechol solution 
is added to the analysis solution. The As(V) reacts with the added 
As(III) CONCENTRATION, ppb 
Figure 28. Calibration curve for AS(III), step I 
results. 
Dctr'r!7lincd by dif;'erential pulse 
voltammetry at a hanging mercury 
Depostion potential = -0.4 v. 
Deposition period = 30 s stir/ 30 
Scan rate = 10 mV/s, pulse height 
8 ppm Cu(I) and 1.0 N HC1. 
cathodic stripping 
drop electrode. 
s quiet 
50 mV 
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catechol and forms the electroactive complex which is measured by 
cathodic stripping voltammetry. Of course the As(III) is still present 
in the solution and will contribute to the cathodic stripping signal 
measured in step II. Experiments were conducted on As(III) solutions 
to evaluate the As(III) contribution to the cathodic stripping peak in 
step II. Each As(III) solution was analyzed by the two step procedure. 
In Figure 28 and 29 the peak current measured for each As(III) solution 
in experimental steps I and II is plotted against the As(III) 
concentration. The As(III) concentration is diluted by 48 % in step II, 
resulting in a decrease in stripping peak current. 
Solutions of As(V) were also analyzed by the two step procedure. 
For solutions of As(V) alone, no stripping peak was observed in the 
first step of the speciation procedure. Then the catechol solution was 
added in step II and periodic cathodic stripping experiments were 
conducted on the As(V) solution until kinetic equilibrium was reached. 
In Figure 30 the results are presented for one of the stripping 
experiments conducted on a solution of 667 ppb As(V). When the decay 
of the e1ectroactive complex is monitored by cathodic stripping 
voltammetry only a few analyses can be conducted before equilibrium is 
reached. In Figure 30 it can be seen that the value of the current-time 
intercept is not significantly different from the value of the stripping 
peak current recorded for the first cathodic stripping analysis 
conducted. The decay of the EAC as monitored by cathodic stripping is 
too rapid for collection of many data points before equilibrium is 
reached. Therefore, the stripping current produced from the first 
deposition period applied at t = 30 seconds was chosen as the current 
3------
Figure 29. Calibration curve for As(III) as determined 
by the two step method for inorganic arsenic speciation. 
Step II results. 
Determined by differential pulse cathodic stripping 
voltammetry at a hanging mercury drop electrode. 
Deposition potential = -0.4 v. 
Deposition ~eriod = 30 s stir/ 30 s quiet 
Scan rate = 10 mV/s, pulse height = 50 mV 
8 ppm Cu(I), 1.0 N IICl, and 0.5 M catechol. 
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e.e 2.5 s.e 7.S le.e 12.5 15.e 
Time of Deposition, minutes 
Figure 30. Current decay of the EAC monitored by cathodic 
stripping voltammetry with copper codeposition. Solution 
conditions == 667 ppm As (V)', 0.5 M catechol, 1.0 N HCI, and 
8 ppm eu (I) • Deposition potential = -0"";4 V~" Deposition 
period = 1 minute. Hanging mercury drop electrode. 
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value proportional to As(V) concentration. 
Each solution of As(V) was analyzed in a similar manner. Data for 
each As(V) solution was obtained from the cathodic stripping experiments 
performed exactly 30 seconds after mixing the components of step II. 
A calibration curve was then prepared by plotting the step II stripping 
peak current versus As(V) concentration, as seen in Figure 31. At low 
concentrations, the stripping current measured in step II is directly 
proportional to the As(V) concentration. As the As(V) level increases 
above 300 ppb the relationship between stripping current and As(V) 
concentration is no longer linear. 
Mixtures of As(III) and As(V) were analyzed by the same method. A 
series of experiments were conducted on solutions of constant As(V) 
concentrations with varied As(III) levels. A different series of 
experiments was also conducted on solutions of constant As(III) 
concentration and variable As(V) levels. 
The resultE obtained from experiments conducted on mixtures of 667 
ppb As(V) and variable concentrations of As(III) are presented in 
Figures 32 and 33. In Figure 32 the results of step I analysis are 
plotted versus the As(III) concentration. The cathodic stripping peak 
currents measured are linear with As(III) concentration in the range of 
o to approximately 200 ppb. The calculated detection limit at the 95% 
confidence level is 8.2 ppb. The step II cathodic stripping current 
was also measured for these solutions of AS(III) and As(V). The 
stripping peak current in step II is the sum of As(III) and As(V) 
contributions. The As(III) contribution to the step II stripping peak 
current can be predicted from the calibration curves in Figu~es 28 and 
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Figure 31. Calibration curve for As(V) determined 
by the Two step Methot1 for arsellic spcciat-ion. 
Step II results. 
Dct.crnincc1 by differential pulse cathodic stripping 
voltammetry at a hanging mercury drop elcctro~c. 
Deposition potential = -0.4 V. 
Depostion period = 30 s stir! 30 s quiet 
Scan rate = 10 mV!s, pulse height = 50 mV 
8 ppm Cu(!) , 1.0 N HCl, and 0.5 M catechol. 
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mixture. As (V) = 667 ppb. step I results. 
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As(III) CONCENTRATION, ppb 
Figure 33. Calibration curve for inorganic arsenic 
mixture, step II results. As (V) = 346 ppb. 
Determined by differential pulse cathodic stripping 
voltammetry at a hanging mercury electrode. 
Deposition potential = -0.4 V. 
Deposition period = 30 s stir/ 30 s quiet 
Scan rate = 10 mV/s, pulse height 2 50 mV 
8 ppm Cu(I), 1.0 N HCl, and 0.5 M catechol. 
2.00 
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29 and from the step I results for each sample solution. Figure 28 and 
the stripping peak current measured from step I are used to determine 
the As(III) concentration. This As(III) concentration is then 
mUltiplied by the factor 0.52 yielding the As(III) concentration 
following step II dilution. Figure 29 and the step II concentration are 
then used to determine the stripping peak current contributed by As(III) 
in step II. The As(III) current in step II will be referred to as the 
step II correction factor, i The step II 
step II correction factor 
correction factor is subtracted from the step II stripping peak current 
to give the As(V) stripping peak current, i 
As(V) 
11. 
i 
As(V) 
i - i 
step II step II correction factor 
as seen in equation 
(11 ) 
The As(V) current is then compared to the As(V) calibration curve, 
Figure 31, to determine the As(V) concentration. This subtraction 
technique is used for all inorganic arsenic determinations. In Figure 
34 the As(V) currents, i 
As(V) 
are presented. It can be seen that the 
series of solutions analyzed for Figure 34 have constant As(V) 
concentrations and variable As(III) levels. 
A second series of experiments were conducted on solutions of 
constant As(III) concentration of 1.04 uM, 78 ppb, and variable As(V) 
levels. The peak current for step I is a constant, equal to 31 uA, 
(standard deviation = 0.36 uA, relative standard deviation = 11.6%). 
This is expected since the As(III) concentration is a constant value of 
78 ppb. In Figure 35 a graph of step II peak current vs. As(V) 
5-T--------------------------------------, 
4 
As (V) CONCENTRATION,ppb 
Figure 34. Calibration curve for inorganic arsenic 
mixture, step I results. As(III) = 78 ppb. 
Determined by differntial pulse cathodic stripping 
voltammetry at a hanging mercury drop electrode. 
Deposition potential = -0.4 v. 
Deposition period = 30 s stir/ 30 s quiet 
Scan rate = 10 mV/s, pulse height 50 mV 
8 ppm Cu(I) and 1.0 N HC1. 
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Figure 35. Calibration curve for inorganic arsenic 
mixture, step II results. As(III) = 37.4 ppb. 
Determined by differential pulse cathodic strlrrinq 
voltammetry at a hanging mercury drop electrode. 
Deposition potential = -0.4 V. 
Deposition period 2 30 s stir/3D s quiet. 
Scan rate = 10 mV/s, pulse height 2 50 mV 
8 ppm -Cu(I), 1.0 N HCI, and 0.5 M catechol. 
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concentration is presented. The data symbolized by the triangles 
represents the corrected step II current of As(V) only, i 
As(V) 
The analysis of solutions of As(III) and As(V) illustrate the 
application of this method for speciation of inorgani~ arsenic. 
DISCUSSION 
The electrochemical behavior of As(V)-catechol complexes was 
studied in order to develop an electrochemical technique for measurement 
of As(V) in water samples. The results of experiments described in 
the previous chapter will be discussed under the headings of 
Electroactive Complex Studies, Differential Pulse Polarographic Studies 
of As(III) and As(V) in the Presence of Catechol and Stripping 
Voltammetry. 
ELECTROACTIVE COMPLEX STUDIES 
Arsenic (V) forms a series of complexes with catechol. These 
complexes have been studied by a number of researchers. Haak (47) has 
determined the formation constants for each of the three As(V)-catechol 
complexes. The formation constants are 0.01, 0.02 and 7.5 for the 1:1, 
1:2, and 1:3 complexes respectively. In equilibrium solutions of pH<2, 
excess catechol and As(V) the predominant solution species is the 1:3 
complex. 
The electrochemical behavior of the solid 1:3 complex was also 
reported by Haak (47). Small samples of the 1:3 complex (0.012 g) were 
dissolved in 1 N NaC10 and monitored by polarography. A reduction wave 
4 
was observed which decayed with time. The reduction curtent disappears 
as dilute solutions (1 ,roM) of the 1:3 complex reach equilibrium after 
dissolution of the solid complex. This corresponds to the complete 
dissociation of the 1:3 complex to form As(V) and catechol. 
In preliminary experiments a fresh mixture of As(V), excess 
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catechol and supporting electrolyte produced a reducible species whose 
concent.ration is a maximum at time of init.ial mixing and then decays to 
reach an equilibrium value. In solutions of low As(V) concentration, 
0.2 mM, (15.0 ppm), pH = 1, and high catechol concentration, 0.5 M, the 
decay of the electroactive species is observed. These conditions result 
in an equilibrium solution in which the predominant arsenic species is 
the 1 :3 As(V)-catechol complex. At kinetic equilibrium the 
electroactive complex is at a minimum level and the 1:3 complex is the 
predominant species. 
The reactions occurring in solutions of As(V) and catechol prior 
to equilibrium include the stepwise formation of the 1:1 and 1:2 
complexes. One or both of these compl~xes must be the electroactive 
species. This conclusion is also supported by the dissolution 
experiments conducted with the solid 1:3 complex by Haak (47). As the 
1:3 complex dissociates completely it must form the 1:2 and 1:1 
complexes as intermediates prior to the formation of uncomp1exed As(V) 
and catechol. One of the lower order As(V)-catecho1 comp1eAcs is the 
e1ectroactive species whose transient existance can be monitored by 
electrochemical techniques. 
The currents measured for reduction of the e1ectroactive complex 
are proportional to the As(V) concentration and can be used to quantify 
the As(V) concentration in analytical samples. Studies of the 
electroactive complex were conducted to identify which of the complexes 
are e1ectroactive and to find the optimum conditions for measurement of 
the e1ectroactive complex concentration. 
The As(V)-catecho1 system is very complex. Two reaction regimes 
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must be considered in the study of the EAC. The first regime to 
consider is the formation of the EAC. In equation 12 the general 
reaction of As(V) and catechol to form the EAC is presented. 
As + nL ~ EAC 
---"? 
n 1 or 2 
(12 ) 
The symbol L represents catechol, the ligand, which reacts with 
As(V) to form the EAC, which may be of 1:1 or 1:2 stoichiometry. The 
second reaction regime to consider is the decay of the EAC to form the 
predominant, electroinactive 1:3 As(V)-catechol complex at equilibrium. 
In equation 13 the general reaction equation for the decay of the EAC is 
presented. 
EAC + nL AsL 
----"7 3 
(13 ) 
n 2 or 1 
The first regime, formation of the EAC, can be examined using the 
kinetic decay data collected for solutions of different catechol 
concentrations. The values of i calculated from the kinetic decay data 
o 
can be used to calculate equilibrium constants through application of 
the appropriate working curve developed by Nicholson and Shain (52) for 
linear scan voltammetry. The general reaction mechanism of the EAC 
must be identified before the working curves of Nicholson and Shain (52) 
can be applied. The reduction of the EAC does not occur by just a 
simple heterogeneous electron transfer reaction. Examination of the 
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current voltage curves recorded for linear potential scan experiments of 
the EAC reveals clues to its reduction mechanism. The general mechanism 
for reduction of the EAC can be identified by comparison of the CV 
curves recorded for the EAC as seen in Figure 6 to the CV curves 
calculated by Nicholson and Shain (54). The CV curves for the EAC are 
essentially identical to the CV curves calculated by Nicholson and Shain 
(52) for a CE electrode reaction mechanism. The abbreviation CE stands 
for a two step mechanism composed of a rate limiting chemical step 
followed by an electron transfer step. The reduction of the EAC can be 
further described as a CE mechanism, where the subscript i denotes an 
i 
irreversible electron transfer step. The irreversible nature of the EAC 
reduction can be observed in Figure 5 where the oxidation of the 
electrode reduction products is not observed in the anodic portion of 
the cyclic scan. In equations 14 and 15 the general mechanism is shown. 
k 
f 
z<--
--, 
k 
b 
o + ne 
o (14) 
k 
----) R (15 ) 
The symbol Z represents the solution phase species in equilibrium 
with the EAC, represented by o. At fast scan rates, 200 mV/s, the 
influence of the slow chemical step on the CV curve, equation 13, is not 
significant and a classical linear scan reduction peak is observed. At 
slow scan rates, such as 10 mV/s, the chemical step has significant 
influence on the shape of the CV curve producing a current rise followed 
by a current plateau. The working curves developed by Nicholson and 
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Shain (52) were prepared from solution of the empirical equation 
presented below. 
i 1 
-k-
i 1.02 + 0.53Y;:-
d 
-y-; 
b a. n Fv/RT 
a 
a. = electron transfer coefficient 
n number of electrons transfered in mechanism 
a 
v = scan rate, Volts/second 
R gas constant, 
F Faraday's constant 
T Temperature, Kelvin 
K equilibrium constant, k /k 
f b 
1 k + k 
f b 
(16 ) 
By manipulation of the above equation and use of experimental 
data, the equilibrium constant for formation of the EAC from As(V) and 
catechol can be determined. The experimental data to be treated in 
these calculations consists of kinetic data monitored at a variety of 
scan rates. Scan rate, or the square root of scan rate, was chosen as 
the independent variable and equation 16 was then manipulated into a 
linear form proportional to the square root of scan.rate. In equation 
17 the term b has been replace by its components and the square root of 
scan rate is multiplied by a number of constants. 
i 
-d-
i 
k 
1.02 + 0.5-.:Y qn F/R~ 
a wr-
(17) 
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The value of i , the kinetic current, is provided from 
k 
experimental data. The value of the diffusion current, i , must be 
d 
calculated. In general the reduction current is proportional to the 
square root of the scan rate (51) for faradic processes. This 
generality is expressed in equation 18 for the diffusion current, i • 
d 
i = 
d 
(18) 
In these calculations, P is the proportionality constant for the 
diffusion current. The expression, ~, is substituted into 
equation 17 for the diffusion current, i. This substitution is seen in 
d 
equation 19. 
i 
k 
1.02 + 0.531 a n F/~ (19) 
-=--.=- a -----K\[l 
Each sIde of equation 19 is then multiplied by (1/p) to produce the 
following result in equation 20. 
Tv = 1.02 + 0.531a n F/R~ (20) 
i P p?\If 
k 
This is a 
plotted as a 
linear equation in V. . When the value of Tv Ii is 
function Of~ The intercept, 1.02/p, can be US~d to 
calculate the value of P, the proportionality constant for the diffusion 
current. With the value of P the diffusion current, i, can be 
d 
calculated using equation 18. 
The value of P is then calculated from the kinetic data collected 
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experiments conducted at a variety of catechol concentrations. 
Calculations were performed on current data where i was chosen as the 
o 
value for i • 
k 
The calculated diffusion current, determined with equation 18, and 
the kinetic current, measured from experimental data, can be used to 
determine the equilibrium constant for equation 14. In equation 21 the 
equilibrium expression is presented for the chemical reaction in 
equation 14. 
K k 
-f-
[z] k 
b 
The diffusion limited current, 
concentration of species 0 and Z. 
i ex: 
d 
{[o] + [Z]} 
(21) 
i, is proportional to the 
d 
(22) 
The kinetic current, i , is proportional to the concentration of 0 
k 
plus the fraction of species Z which converts to species 0 during the 
course of the linear potential scan. In equation 23 the proportionality 
for the kinetic current is presented. 
i ex: 
k 
{[O] + ill } 
v 
Equations 22 and 23 are then used to prepare a ratio of i 
k 
in equation 24. 
to i 
d 
(23) 
as seen 
i [0] + [zJN;;" 
-k_ ex: 
i [0] + [Z] 
d 
This equation can be rearranged into a form suitable for graphing. 
i 
-k- ex: 
i 
d 
y 
[0] 
[0] + [Z] 
+ [z] Or. ) 
[0] + [Z] 
b + mx 
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(24) 
(25) 
Equation 26 
1/~ The 
is plotted by graphing the ration of i Ii versus 
k d 
values of slope, [z]/([o] + [Z]), and intercept, 
[0]/([0] + [Z]), can be used to calculate the equilibrium constant for 
equation 20. This calculation is seen in equation 26 below. 
K = int [0 ] = [0] (26) 
slope [0] + [Z] [Z] 
[Z] 
[0] + [Z] 
In Figure 36 equation 25 is plotted for kinetic experiments 
conducted on As(V) and catechol solutions in 0.1 N Hel. Figure 37 
presents similar data for kinetic experiments conducted in 1.0 N HCl. 
Table III presents the results of calculations performed using the above 
equations. The slope, intercept and correlation coefficient for each 
line found in Figures 36 and 37 are found in Table III. The equilibrium 
constant, K, calculated from the above equations corresponds to the 
simple first order reaction of the CE mechanism, equation 14. The 
i 
equilibrium expression for equation 14 is shown below. 
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Figure 36. Ratio of kinetic current to diffusi~n 
current as a function of the inverse of the square 
root of scan rate, experiments conducted in 0.1 N 
Hel. 1.25 mM, 94 ppm As (V) . 
triangle: 0.262 M catechol 
diamond: 0.491 M catechol 
square: 0.695 M catechol 
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Data from linear potential scan experiments performed 
at a hanging mercury electrode. 
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K = [0] 
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(27) 
In reality the formation of the EAC is more complex, as seen in equation 
12. The equilibrium expression for equation 12 is illustrated below, 
where the equilibrium constant is referred to as K'. 
K' [EAC] (28) 
n 
[L] [As] 
This expression can be rearranged into a form which is equivalent to the 
equilibrium expression for the simple first order reaction in equation 
14. 
n 
K' [L] [EACj [0] 
[As] [Z] 
K (29) 
The equilibrium constant, K', for the second order reaction of 
arsenic and catechol can be calculated from the following equation (30) 
and values of K. 
K' K (30) 
n 
[ L] 
In Table III the values of K' are presented for the two possible 
cases where n=l or n=2, as calculated from equation 30. The values of 
K' are presented for acid concentrations of 0.1 N HC1 and 1.0 N HCl. 
The 
-1 
(1'101/L) 
average value of K', ng 1, in solutions of 1.0 N HC1 is 2.67 
with a relative standard deviation of 16.6%. The average 
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equilibrium 
-1 
(mol/L) 
constant, K' , n=l, for solutions of 0.1 N Hel is 4.02 
with a similair relative standard deviation of 16.0%. The 
values of K' , n=l, calculated for reaction 13 can be compared to the 
-1 
values of B , 0.01 (mo1/L) , estimated by Haak (47). The values of K' 
1 
calculated in this study are at least one hundred times greater. The 
value of B reported by Haak (47) is really "too" small to be reliably 
1 
estimated using the potentiometric data and regression techniques of 
Haak (47). Another cause of the difference between the value 
calculated in this study and the value reported by Haak (47) is the 
result of the different experimental conditions used. The constants 
calculated in this study came from experiments conducted at pH's of 0 
and 1. The experiments performed by Haak were conducted in the pH 
range of 2. The difference in pH conditions may result in the 
difference in reported equilibrium constants. 
The values of K', n=2, are presented in table III. The values of 
K', n=2, differ significantly for experiments conducted at differnet 
catechol concentrations. The mean value of K', n=2, in 0.1 N HCl is 
-2 
7.51 (mol/L) with a relative standard deviation of 59.9%. The mean 
value of K', n=2, calculated for solutions of 1.0 N HCl is 11.40 
-2 
(mol/L) with a relative standard deviation of 60.1 %. The size of the 
standard deviation of the values of K', n=2, does not support the claim 
that the identity of the EAC is As(L) • 
2 
The values of K', n=l, on the 
other hand, are consistant and readily identify the EAC as the 1:1 
As(V)-catechol complex, AsL. 
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TABLE III 
DATA AND RESULTS OF EQUILIBRIUM CONSTANT CALCULATIONS USING 
NICHOLSON AND SHAIN DIAGNOSTIC CRITERIA 
1.0 N HCl 
-----
catechol diffusion corr slope intercept K K' K' 
Mo1/L M n=l n=2 
-5 
0.249 1.84x10 .999 0.0186 0.0123 0.663 2.67 10.69 
-5 
0.492 1.13x10 .999 0.0616 0.0694 1.126 2.29 4.65 
-6 
0.734 8.36x10 .996 0.818 0.191 2.34 3.18 4.33 
mean 2.71 7.51 
standard deviation 0.45 4.50 
relative standard deviation 16.6% 59.9% 
0.1 N HC1 
-----
catechol diffusion corr slope intercept K K' K' 
Mo1/L M n=l n=2 
-6 
0.109 8.36x10 .999 0.016 0.0057 0.366 3.37 30.92 
-5 
0.262 1.15x10 .998 0.022 0.0269 1.22 4.66 17.79 
-5 
0.491 1.88x10 .999 0.032 0.0633 1.973 4.03 8.21 
mean 4.02 18.92 
standard deviation 0.65 11.42 
relative standard deviation 16.0% 60.1% 
Other evidence also reinforces the conclusion that the 1: 1 complex 
is the EAC. In Figures 21 and 22 a plot of the values of i versus 
0 
catechol concentration is presented for kinetic experiments performed on 
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solutions of 0.1 N HCI and 2.5 mM As(V). These are linear functions 
which level out at higher catechol concentrations. At low catechol 
concentrations the value of i, which is proportional to the EAC 
o 
concentration, is also directly proportional to catechol concentration. 
This is additional evidence that the 1:1 complex is indeed the EAC. 
Hydrogen Ion Dependence 
The As(V)-catechol system is very complex. Hydrogen ion plays an 
important role in the formation and decay of the EAC. The influence of 
hydrogen ion on the formation and decay of the EAC will be discussed 
below. 
The role of hydrogen ion in the formation of the EAC can be 
described in terms of reaction behavior observed to occur in two 
different pH regimes. In the first regime, pH >= 2, the formation of 
the EAC occurs at a slow rate and can be observed with these 
electrochemical techniques. Figure 20 is an example of an experiment 
where the formation of the EAC was slow enough to be monitored by 
electrochemical methods. The second concentration regime is observed at 
pH levels which are less than 1.5. In this pH regime the formation of 
the EAC has a fast rate and cannot be observed by electrochemical 
methods used here. Figure 18 presents an example of an experiment where 
the EAC is at a maximum level at reaction initiation and only its decay 
is observed during the kinetic experiment. From this evidence 
conclusions can be draw about the role of hydrogen ion in the formation 
of the EAC. 
Hydrogen ion plays a role in the formation of the EAC. The 
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equilibrium constants calculated for the conditions of pH=l and pH=O 
differ by approximately 33%. This is a small difference in equilibrium 
constant values for a change in the hydrogen ion concentration of an 
order of magnitude. 
The character of the reactants can be examined in order to 
understand the role of hydrogen ion in the formation of the EAC. At 
low pH's, (pH <= 1.5), both of the reactants, As(V) and catechol, are 
fully protonated. As(V) and catechol are moderately weak acids. 
The values of pKa , pKa , and pKa for arsenic acid are 2.22, 6.98, and 
123 
11.50 respectively (55). The values of pKa 
1 
and pKa for catechol are 
2 
9.36 and 12.98 (55). In equation 31 the formation of the EAC is 
illustrated. 
B AsO 
3 4 
~ + H L 
2 ~ 
II AsO L + II 0 
332 
(31) 
In reaction equation 31 there is not an obvious role for hydrogen 
ion to play in the formation of the EAC. It may function as an acid 
catalyst, initiating formation of the EAC by protonation of arsenic 
+ 
<'Icid, H AsO , to form H AsO ,which may be an important intermediate in 
3 4 4 4 
the mechanism of EAC formation. Equations 32 and 33 illustrate two 
steps which may be involved in the formation of the EAC. 
II AsO 
3 4 
+ 
+ II L-
~ 
1\ AsO 
4 4 
+. + 
+ 
B AsO L- H AsO + H 0 
44~23 2 
(32) 
(33 ) 
Sufficient detailR are not available for further speculation on the 
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mechanism for formation of the EAC. 
When the pH increases above 2.2 arsenic acid is ionized to form a 
hydrogen ion and H AsO 
2 4 
When As(V) is present as this species it may 
not participate in the reaction to form the EAC, thus decreasing the 
concentration of reactant and decreasing the reaction rate. 
The decay of the electroactive complex is also influenced by 
hydrogen ion concentration. When the hydrogen ion concentration is 
low, at pH > 2, the decay of the EAC is relatively slow. Hhen the 
hydrogen ion concentration is high, pH < 2, the decay of the EAC is 
faster. In TABLE IV the data collected for kinetic experiments are 
presented. The rate of the pseudo first order decay of the EAC is 
related to the slope of the kinetic decay plots prepared for each 
experiment. It can be seen that the value of the slope of the kinetic 
decay plots vary with changes in catechol concentration and pH. 
TABLE IV 
DATA FROH KUIETIC PLOTS OF DECAY EXPERU1ENTS CONDUCTED ON 
SOLUTIONS OF 1.25 mM As(V) 
0.1 N HCl 
-----
CATECHOL SLOPE STANDARD RELATIVE STANDARD 
CONCENTRAT ION DEVIATION DEVIATION 
0.262 H 0.057 0.OU5 8.8% 
0.491 0.293 0.024 7.8% 
0.695 0.637 0.028 4.7% 
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1.0N HCI 
----
CATECHOL SLOPE STANDARD RELATIVE STANDARD 
CONCENTRATION DEVIATION DEVIATION 
0.249 H 0.360 0.132 36.7% 
0.492 0.752 0.051 6.8% 
0.734 2.43 0.260 10.7% 
The slope of the kinetic decay plots of the EAC is equal to the 
sum of the forward and backward rate constants for the decay of the EAC 
as seen in equation (34). 
k I, 
f 
EAC L-- AsL (34 ) 
~ 3 
k I I 
b 
SLOPE k I, + k I I 
f b 
The values of the forward and reverse rate constants can be 
determined if an additional equation is available containing k II and 
f 
k ". The expression for the equilibrium constant for the pseudo first 
b 
order decay of the EAC contains the necessary terms and is seen in 
equation (35). 
K' I k I I 
-f-
k I I 
b 
[AsL ] (35 ) 
-3-
[EAC] 
Unfortullately the value of K" is not known and so the pseudo first 
order decay constant, k II, cannot be calculated. 
f 
The value of the 
slope for tl~ pseudo first order decay of the EAC is an adequate 
ll7 
representative of the decay rate. The value of the slope of the kinetic 
plots increases as the hydrogen ion concentration increases. The 
depp.ndence of the decay rate on hydrogen ion concentration suggests that 
hydrogen ion is probably a catalyst for the decay of the EAC. In 
equation 36 the decay reaction of the EAC to form the predominant 
equilibrium species, 1:3, is presented. 
+ 
H AsO L + 2H L I" H + AsL + 3H 0 (36) 
3 3 2 ~ 3 2 
~ + HAsL H + AsL 
3 ;> 3 
(37) 
There is not sufficient information to determine the specific role of 
hydrogen ion in the decay of the EAC and formation of the predominant 
1:3 species. 
DIFFERENTIAL PULSE POLAROGRAPHIC STUDIES OF As(IIl) AND As(V) IN THE 
PRESENCE OF CATECHOL 
The technique of differential pulse polarography, (DPP), was 
applied to the problem of speciation of inorganic arsenic. This 
technique has been successfully used for As(III) analysis in water, 
sewage and sludge samples (28,34). In order to apply this technique to 
inorganic arsenic speciation the effect of catechol on the polarography 
of As(III) and As(V) was examined. 
The effect of catechol on the polarography of AsCIII) was found to 
be small. The first DPP reduction peak for AsCIII) was shifted by -10 
mV in the presence of 0.5 M catechol. The reduction peak height 
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changes by 31 % following the addi tion of solid catechol to produce a 
0.5 M solution. This is a small effect on the polarography of As(III) 
and the result is an increase in the value of the detection limit of 
As(III) in catechol solutions. 
Typical DPP recordings of the reduction of As(III) are seen in 
Figure 8. The peak current for the first reduction step is measured and 
used to prepare a calibration curve. A plot of peak current vs. As(III) 
concentration is seen in Figures 23 and 24. The detection limit was 
calculated by the method of Skogerboe et ale (53). The calculated 
detection limit at the 95% confidence level is 3.2 ppb. This detection 
limit is larger than the one reported by Myer and Osteryoung for 
solutions of As(III) without catechol. However, these detection limits 
are acceptable for environmental applications. The linear range extends 
from 2.5 ppb to 30 ppm, essentially the same as the linear range 
reported by Myer and Osteryoung (28). 
The speciation of inorganic arsenic also requires determination of 
As(V) concentrations. Typically As(V) is electroinactive, an exception 
to this behavior is observed in catechol solutions. As(V) solutions 
were monitored by polarographic methods in the presence of catechol. 
Each As(V) analysis requires monitoring the decay of the EAC and using 
the data collected to calculate the value of i which is proportional to 
o 
the As(V) concentration. Calibration curves were prepared for As(V) 
solutions. Figure 25 is an example of such a calibration curve. The 
detection limit calculated by the method of Skogerboe et ale (52) is 
equal to 0.24 ppm at the 95% confidence level. 
It is obvious that the detection limit for As(V) in catechol is 
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much higher than that reported for As(III) in catechol (0.24 ppm vs. 3.2 
ppb). The poor detection limit is a consequence of the nature of the 
arsenic(V) catechol interaction. Only a fraction of the As(V) is 
present as the electroactive species, (1:1). The remainder of the 
As(V) is found in higher order complexes which are electroinactive. 
These polarographic techniques are not sensitive enough for analysis of 
As(V) in typical environmental samples where As(V) levels are often in 
thp. ppb range. 
, 
STRIPPING VOLTAMMETRY 
The technique of cathodic stripping voltammetry with copper 
codeposition was successful for application to speciation of inorganic 
arsenic. Experiments were conducted to achieve a better understanding 
of the reactions involved in cathodic stripping with copper 
codeposit ion. Then this technique was applied to the problem of 
inorganic arsenic speciation. 
Cathodic Stripping with Cu Codeposition 
The technique of cathodic stripping with copper codeposition has 
been applied to As(III) analysis by two research groups (43,44). Both 
research groups suggest that arsenic and copper form an intermetallic 
deposit during the plating step of the stripping experiment. Sad ana 
(44) attributed the great sensitivity of his technique to the generation 
of hydrogen during the stripping reaction. The following two equations 
were proposed by Sad ana (44) for the deposition and stripping of arsenic 
with copper codeposition. 
deposition 
3+ 
2As 
stripping 
Cu As 
3 2 
+ 3Hg(Cu) + 6e 
+ 
Cu As + 3Hg 
3 2 
+ 12H .+ 3Hg + 12e 2AsH 
3 
+ 3H 
2 
(38) 
+ 3Hg(Cu) (39) 
Sadana (44) presents no evidence wllich demonstrated that hydrogen gas or 
any other compound was produced during the cathodic stripping of 
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arsenic. 
The experiments conducted in this study which integrated the 
cathodic stripping currents for As(III) provide evidence which 
demonstrates that the stripping peaks produced are indeed enhanced. In 
addition to the reduction of elemental arsenic to arsine another 
electron transfer reaction is occuring during the cathodic stripping of 
the arsenic/copper intermetallic deposit. This additional reduction 
reaction results in the enhanced current observed in the stripping of 
the arsenic/copper deposit. The reduction of hydrogen ion to form 
hydrogen gas is most probably the addi~ional reaction which occurs 
during cathodic stripping and results in current "enhancement" and the 
great sensitivity of these techniques. 
The catalysis of hydrogen evolution at mercury electrodes by 
arsenic has been reported before. In their review of the 
electrochemistry of arsenic Tomilov and Chomutov (56) report that 
solutions of arsenic compounds and weak organic acids or salts of 
cobalt, iron or nickel in neutral electrolytes produce a current peak, 
often called a polarographic maximum. 
to catalyzed hydrogen evolution. 
This maximum has been attributed 
The polarographic reduction of 
As(III) in acid solution also produces a maximum which has been 
attributed to catalyzed hydrogen evolution. In their review of the 
polarography of arsenic Arnold and Johnson also discuss the presence of 
maximums which are the results of hydrogen catalysis (57). 
This evidence supports the proposal that hydrogen catalysis is the 
source of the enhanced stripping current for arsenic. The articles 
cited in the reviews of Tomolov and Chomutov (56) and Arnold and Johnson 
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(57) suggest that added metal salts, or metal ion impurities are & cause 
of the hydrogen catalysis observed in conjunction with arsenic 
reduction. The presence of an additional metal ion is also needed for 
the sensitive cathodic stripping methods developed for arsenic. Holak 
(42) uses Se(IV) and Henze et al (43) and Sadana (44) recommend the use 
of Cu(II) for cathodic stripping of As(III). Experiments conducted in 
this study also demonstrated the cathodic stripping of arsenic with 
codeposition of Ni(II), Pd(II), and Fe(III). The added metal ions are 
reduced at the mercury electrode during the deposition step along with 
As(III) reduction. The arsenic and added metal combine to form an 
intermetallic of uncertain stoichiometry (43,44). The intermetallic 
overcomes the two limitations of elemental arsenic deposits on mercury. 
The first limitation of elemental arsenic deposits on mercury is their 
complete insolubility (58). The arsenic intermetallic, on the other 
hand, appears to be soluble in mercury. Little is known about such 
termetallic systems of arsenic, copper and mercury. The soluble 
arsenic/copper 
the mercury 
intermetallic allows the concentration of 
electrode. The concept of intermetallic 
arsenic 
formation 
into 
with 
copper in stripping analysis has been explored before for elements such 
as zinc, lead and cadmium (59,60,61). Fresh copper deposits in mercury 
resemble floating islands of copper which slowly dissolve into the 
mercury. Arsenic probably deposits onto these copper islands and forms 
a soluble intermetallic in a simi lair manner to that reported for other 
elements deposited with copper (59,60,61). 
Arsenic is a metalloid and semiconductor, these characteristics 
result in arsenic's second limitation. If an elemental, nonconducting 
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film of arsenic forms on the working electrode further deposition and 
accumulation of arsenic would not be possible. This nonconducting film 
would prevent the concentration of arsenic into the working electrode 
and remove the effectiveness of cathodic stripping analysis. The 
codeposition of another metal, such as copper, results in an 
intermetallic deposit which is rich in a conducting metal. The 
intermetallic is conducting, soluble in mercury and its formation 
results in successful cathodic stripping. 
It is the stripping of the arsenic intermetallic deposit which 
results in hydrogen catalysis. During the stripping of the 
intermetallic deposit the arsenic is further reduced to arsine and the 
other metal is left behind in the working electrode, as illustrated in 
equation 39 for copper. The copper or other metal which remains on the 
electrode after the intermetallic is stripped of arsenic is present as a 
small metallic island floating on the mercury surface (59,60). The 
metal island is exposed to the solution at a fairly negative electrode 
potential, (-0.72 V to -0.9 V versus Ag/AgCl reference electrode). In 
the case of copper, this electrode potential is sufficiently negative 
for hydrogen evolution. Unlike the surrounding mercury electrode, 
whose hydrogen overpotential is quite large, the copper islands, which 
have a smaller hydrogen overpotential, reduce hydrogen ions to produce 
hydrogen gas. The evolution of hydrogen ceases as the copper islands 
dissolve into the surroun,ding mercury electrode. 
"catalysis" of hydrogen evolution is a misnomer. 
In this context the 
The presence of the 
more noble metal, copper, on the mercury surface permits facile hydrogen 
evolution when compared to the inhibition of hydrogen reduction on 
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mercury. 
The experiments performed with the metal-amalgam electrodes 
support this scenario. Cathodic stripping of arsenic was successfully 
performed at copper-amalgam electrodes. The size of the stripping peak 
increased if the deposition step was preceeded by oxidative conditioning 
at + 0.0 V versus the Ag/AgCI reference electrode prior to application 
of the deposition potential. The oxidative conditioning of the copper-
amalgam electrode introduced Cu(II) ions into the analysis solution. 
The solution phase Cu(II) deposits along with the arsenic during 
application of the deposition potential. The intermetallic formed 
during deposition contains the copper-amalgam of the working electrode 
plus the fresh copper deposited with the arsenic. This intermetallic 
deposit is richer in copper than the intermetallic deposit formed 
without oxidative conditioning. The copper amalgam formed from the 
copper electrode and the mercury film has a copper concentration of 
approximately 0.002 -0.003% copper (58) which is the reported solubility 
of copper in mercury. The richer copper deposit formed following 
oxidative conditioning may be super saturated with copper and is a more 
effective catalyst for evolution of hydrogen. The cathodic stripping 
peak for arsenic increases in height and area when the copper-amalgam 
electrode is subjected to oxidative conditioning. In essence, the more 
copper in the intermetallic deposit the more effective the hydrogen 
catalysis. 
This interpretation was confirmed when cathodic stripping was 
performed on As(III) solutions with and without catechol at a copper-
amalgam electrode. The cathodic stripping peak current decreased by 
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approximatley 45% after solid catechol was added to the analysis 
solution. The added catechol apparently complexes the oxidized copper 
found in the solution phase, which is normally available for 
codeposit ion with the arsenic. The resultant intermetallic which forms 
from catechol solutions has less copper than intermetallics formed in 
solutions free of catechol and the resultant hydrogen catalysis observed 
during cathodic stripping is reduced. 
Both Henze et ale (43) and Sadana (44) report that the cathodic 
stripping peak height changes as a function of Cu(II) concentration. 
Sadana (44) examined the low concentration range of 0 ppm to 7 ppm 
Cu(II). Essentially no stripping current was observed until the 
concentration reached 3 ppm Cu(II). Above 7 ppm the stripping current 
rapidly increased with copper concentration. Henze et ale (43) reported 
that the stripping peak current increased with copper concentration 
until approximately 110 ppm Cu(II). At this Cu(II) concentration the 
stripping peak current no longer changed with increasing copper 
concentration. Similair results were obtained in this study. This 
evidence supports the contention that the cathodic stripping of arsenic 
produces a stripping product whose quantity is related to the amount of 
copper present during deposition and stripping. The cathodic stripping 
peak results from reduction of elemental arsenic to arsine and evolution 
of hydrogen gas. The more solution copper present in the analysis 
mixture the richer the deposit is in copper, and the greater the 
hydrogen evolution. 
Polarographic studies of arsenic have reported polarographic 
maxima and hydrogen catalysis (28,31,32). In Figure 8 a differential 
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pulse polarogram of 3 ppm As(III) in 1.0 M HelO and 0.5 M catechol 
4 
shows a small maximum at -0.76 V versus the Ag/AgCl reference electrode. 
This maximum occurs at a potential between the reduction of As(III) to 
As(O) and the reduction of As(O) to AsH. 
3 
In this intermediate 
potential range elemental arsenic accumulates at the working electrode 
along with any trace impurities with more positive reduction potentials 
than -0.55 V versus the Ag/AgCl reference electrode. 
The accumulation of elemental arsenic and trace impurities at the 
electrode in the potential range of -O.S5V to -0.85 V versus the Ag/AgCl 
reference electrode results in intermetallic deposits similair to the 
arsenic/copper deposits formed in the cathodic stripping techniques 
discussed above. During the polarographic analysis cathodic scans are 
applied to the electrode at typical rates of 5-10 mV/s. During the 
lifetime of each drop, which is typically 1 to 5 seconds long, a deposit 
of arsenic and trace impurities forms when the electrode potential is in 
the following range, -0.55 to -0.85 V versu~ the Ag/AgCl reference 
electrode. The polarographic maximum, observed in the potential range 
of -0.70 V to -0.95 V versus the Ag/AgCl reference electrode, occurs 
when the potential is sufficiently negative to form an arsenic 
intermetallic deposit and further reduction of the deposit occurs as the 
cathodic scan continues during the lifetime of the drop. This process 
produces the polarographic maximum which results from catalysis of 
hydrogen evolution in a similair manner to the process observed in 
cathodic stripping with copper codeposition. 
When the applied potential is more negative than -0.95 V versus 
the Ag/AgCl reference electrode the solution AsCIII) is directly reduced 
122 
to arsine without forming an intermediate elemental deposit. Without 
the formation of an intermetallic deposit catalysis of hydrogen 
evolution is not observed. The appearance of the polarographic maximum 
is dependent on As(III) concentration. The polarographic maximum is 
only observed at concentrations above 10 uM, 0.75 ppm As(III). At lower 
arsenic levels the arsenic deposit formed is too dilute to form the 
intermetallic necessary for hydrogen evolution. This is to be expected 
in polarographic methods where each mercury drop electrode only exists 
for a few seconds at most. During the short lifetime of each drop only 
an insignificant amount of the total solution arsenic is reduced, 
forming a very small surface concentration of arsenic. Apparently the 
arsenic deposit must reach a certain concentration for interrnetallic 
formation and the resultant maximum and catalysis of hydrogen evolution 
to be observed. 
Application ~ Cathodic Stripping Voltammetry ~ As(V) Analysis 
The technique of cathodic stripping with copper codeposition was 
applied to the problem of inorganic arsenic speciation. In order to 
determine the concentration of both As(III) and As(V) the techniques of 
Henze et ale (43) and Sad ana (44) were modified. The necessary 
modifications and use of the resultant technique for speciation of 
inorganic arsenic are discussed below. 
The determination of As(V) by electrochemical means requires use 
of catechol as a complexing agent. Catechol has a detrimental effect on 
the cathodic stripping techniques of Henze et ale (43) and Sadana (44). 
The effects of catechol on these cathodic stripping techniques was 
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eliminated by use of Cu(I) as the source of copper for codeposition and 
hydrochloric acid as the hydrogen ion source and supporting electrolyte. 
Chloride ion from the hydrochloric acid and CuCI) combine to form a 
stable complex, CuCl 
2 
which resists reaction with catechol. For 
successful application of cathodic stripping with copper codeposition to 
As(V) determination the analysis conditions require Cu(I) and 
hydrochloric acid. 
Cu(I) has been used as a reducing agent for conversion of As(V) 
into As(III) (53) under strongly acid conditions. The reduction of 
As(V) to As(III) by Cu(I) does not occur under the conditions of 1.0 N 
HCl recommended here. 
Method for Speciation of Inorganic Arsenic 
The method developed in this study for the speciation of inorganic 
arsenic is performed in two steps. The concentration of AsCIII) is 
determined from the results of cathodic stripping analysis performed in 
the first step. Catechol is then add.ed to the analysis mixture in the 
second step and cathodic stripping is again conducted. The results from 
both steps of the experimental procedure provide data from which the 
concentration of As(III) and As(V) can be determined. 
The concentration of AsCIII) is determined in step I by cathodic 
stripping with copper codeposition. The analysis conditions chosen are 
very similair to those recommended by Sadana (44) and Henze et al.(43). 
Samples were acidified to 1.0 N HCl. Then Cu(I) was added to the sample 
to produce a concentration of 8 ppm. Cathodic stripping was performed 
on this solution by application of a deposition potential of -0.4 V 
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versus Ag/AgCl reference electrode for 1 minute followed by a cathodic 
scan performed at the rate of 10 mV/s. The resultant cathodic stripping 
peak is proportional to the As(III) concentration. 
The concentration of As(V) is calculated from the results of step 
II. The analysis mixture from step I is treated with a catechol 
solution resulting in a sample that has the following characteristics; 
1.0 N Hel, 8 ppm Cu(I) and 0.5 M catechol. Cathodic stripping analysis 
is performed on this sample in the same manner as step I exactly 30 
seconds after mixing the appropriate solutions together. The stripping 
peak current is proportional to the sum of the As(III) and As(V) 
concentrations. The As(III) contribution is subtracted from the step II 
signal and the resultant quantity is proportional to the As(V) 
concentration. The development of As(III) calibration curves and As(V) 
calibration curves is discussed below. 
Arsenic (III) contributes to the cathodic stripping peaks recorded 
in each step of this speciation procedure. The cathodic stripping peak 
current measured for As(III) in step I is directly proportional to the 
As(III) concentration in the range of 0 ppb to about 150 ppb, as seen in 
Figures 28 and 32. Samples containing only As(III) were examined with 
the complete speciation procedure. Of particular interest is the 
change in stripping peak current for solutions of As(III) when step I 
and step II are performed. The stripping peak current measured for 
As(III) in step II is again proportional to concentration in the range 
of 0 ppb to approximately 100 ppb. The value of the stripping peak 
current is expected to be 48% smaller as the result of dilution which 
occurs in step II. The actual change in the stripping peak current is 
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not exactly 48% but instead varies as the As(Ill) concentration changes. 
The change in stripping current from step I to step II cannot be 
predicted by the 48% reduction in arsenic concentration. The source of 
this unpredictability is unknown. Two calibration curves, such as 
Figures 28 and 29 are necessary for determining the As(III) stripping 
peak contributions in step II measurements. The As(III) concentration 
determined from step I results and a calibration curve, Figure 28, is 
then multiplied by 0.52 in order to calculate the As(III) concentration 
in the step II analysis solution. The step II calibration curve for 
As(III) alone is then used to determine the As(III) contribution to the 
total step II stripping current. When the As(III) contribution is 
subtracted from the total step II result the remaining current is 
attributed to any As(V) in solution. 
The analysis of As(V) solutions by the two step cathodic stripping 
technique produced a calibration curve for step II, as seen in Figure 
31. The analytical range for As(V) is from approximately 20 ppb to 150 
ppb 
As(V) 
in step II solutions. This analytical range corresponds 
concentration range of 40 ppb to 300 ppb in the original 
to an 
sample. 
This analytical range for As(V) determinations is a great improvement 
in sensitivity when compared to analysis by differential pulse 
polarography performed in catechol solution. 
Figures 32, 33, 34, and 3S illustrate the use of this two step 
technique for analysis of a variety of inorganic arsenic mixtures. The 
results illustrate the analysis of solutions with identical As(V) 
concentrations and different As(III) concentrations in Figures 32 and 
33. The As(V) does not contribute to the stripping peak current 
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measured in step I, as can be seen in Figure 32. In step II, the 
stripping current measured for each solution contains the 
contribution, as expected. 
As(V) 
Figures 34 and 35 illustrate the use of this technique for 
analysis of solutions of different As(V) levels and identical As(III) 
concentrations. In Figure 34 it can be seen that the step I stripping 
peak of each inorganic arsenic mixture was essentially the same even 
though each sample contains different As(V) concentrations. The step II 
results illustrated in Figure 35 demonstrate the application of this 
technique to inorganic arsenic mixture analysis. 
The detection limit calculated for As(III) from analysis of a 
mixture of inorganic arsenic by the two step cathodic stripping method 
was found to be 2.2 ppb at the 95% confidence level as calculated by the 
method of Skogerboe and Grant (54). The detection limit calculated for 
As(V) in solutions of inorganic arsenic is 28.4 ppb As(V) at the 95% 
confidence level (54). This detection limit calculated for As(V) 
determination in step II corresponds to an original sample concentration 
of 49 ppb. The detection limit for As(V) determined by analysis with 
the two step technique is an improvement over other 
electrochemical methods which measure As(V) indirectly 
reported 
(35,37). 
Unfortunately this technique is not sensitive enough for analysis of 
solutions with As(V) concentrations in the low ppb range. This 
sensitivity is necessary "for study of many environmental samples. The 
detection limit is low enough to evaluate the As(V) concentration in 
samples which exceeed the EPA drinking water standard (2). Studies 
should be conducted to characterize the inorganic arsenic speciation of 
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such samples which exceed the primary drinking water standard. 
Additional experiments can be conducted to atempt to lower there 
detection limit of this two step stripping technique. An obvious area 
of study is the addition of a concentration step prior to cathodic 
stripping analysis. The effect of an added concentration step on the 
inorganic arsenic speciation can be easily monitored by this technique. 
Unfortunately the addition of a concentration step, as observed for many 
other arsenic speciation methods (8,18,19,20), increases the length of 
analYGis time and defeats one of the goals of this study, to develop a 
rapid method for inorganic arsenic speciation. 
Conclusions 
In addition to the development of a speciation method for 
inorganic arsenic in this study, information about the As(V)-catechol 
complexes was obtained. The electroactive complex was identified as the 
1:1 species and the value of the formation constant of the 1:1 complex 
was determined. This study is one of the first applications of 
electrochemical methods for determination of the formation constants of 
a transient species such as the 1:1 As(V)-catechol complex. The use of 
electrochemical methods for quantification of any material via a 
transient species such as the 1:1 As(V)-catechol complex is a unique 
approach. It may also be possible to examine formation of the higher 
order As{V)-catechol complexes with electrochemical methods through the 
decay of the EAC. 
Study of the cathodic stripping of arsenic with metal codeposition 
revealed a number of clues about the mechanism of this phenomenom. 
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Codeposition of arsenic and a second metal onto mercury electrodes forms 
a soluble conducting intermetallic. In cathodic stripping the arsenic 
in the intermetallic is further reduced forming arsine and leaving 
behind tiny metal islands at the mercury surface. These tiny metal 
islands are formed at sufficiently negative potentials to permit 
evolution of hydrogen gas on their surfaces until the metal islands 
dissolve into the surrounding mercury electrode. Similar behavoir is 
observed in polarographic analysis of As(III) solutions and As(V)-
catechol solutions with concentrations above 0.75 ppm. The 
polarographic maximum reported (28,32,45,56,57) can be attributed to 
hydrogen evolution which occurs from similair intermetallic deposits 
which form between arsenic and trace metal impurities in the 
electrolyte. Further study is needed in this area to examine the 
stoichiometry of the arsenic intermetallic deposits and the relationship 
between the stoichiometry and hydrogen gas evolution. Finally 
conclusive identification of hydrogen gas as the enhancement product of 
arsenic cathodic stripping with metal codeposition must be performed. 
This identification could be made with use of rotating ring disk 
electrodes to examine the stripping products. 
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